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ABSTRACT 


A study has been made of the effect of various types of notches 
and notched depths on static ultimate tensile strength of 14ST, 
75ST, and 24ST aluminum alloys. An ideal, stress notch in- 
sensitive material is defined in terms of a logarithmic relationship 
between notched ultimate stress and notch depth. Test data in- 
dicate that the logarithmic relationship is a good first approxi- 
mation and that a scale of stress notch sensitivity may be estab- 
lished. Alloy 75ST is shown to be more stress notch sensitive 
than 14ST, and alloy 24ST more sensitive than either. Caution 
in the commercial application of this conclusion is urged as well 
as need for differentiating between stress notch sensitivity and 

train notch sensitivity. 


INTRODUCTION 


HE ADVENT OF NEW, higher strength aluminum al- 
loys has been welcomed by the aircraft industry, 
both the airplane manufacturer and the airplane user, 
las making possible larger airplanes with greater load- 
Marrying capacities and speeds. In the substitution of 
anew alloy for an old, the air-frame manufacturer faces 
the problem of accumulating new material properties 
and allowable design data. Where consistent methods 
"of comparing properties of the new with the old material 
tan be basically established, the accumulation of all 
Mecessary material properties may be short-circuited 
nd considerable time saved in the application of the 
hew material. 
In aircraft design, where weight is of primary im- 
| portance, the breaking strength of a structure or mem- 
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ber is often the design condition with the working stress 
some percentage of this design allowable. It is recog- 
nized that dynamic loading is often the major criterion 
of structural design. As an initial step in the evalua- 
tion of parameters suitable for design use, however, the 
authors first studied the high-strength aluminum al- 
loys under static loading and sought to compare the ef- 
fects of section discontinuities (notches) on ultimate 
strength of new and old alloys. 


It has been customary to characterize a material by 
its mechanical properties, yield strength, ultimate 
strength, and 2-in. elongation, as though these proper- 
ties were material constants. These same parameters 
have served the stress analyst and machine designer 
and have formed the bases for design allowables on all 
types of structures. In recent years new parameters 
have been recognized and it has become customary to 
refer to the conventional yield and ultimate strength as 
“mean apparent yield stress’’ and ‘“‘mean apparent 
ultimate stress.’’ This refinement in definition of what 
has been considered conventional terminology is based 
on the realization that the results of conventional tests 
are the mean stresses across the section tested and are 
based on the original area before testing rather than 
on the final (reduced) area. The necessity for new 
parameters has arisen as a result of a demand for refine- 
ments in methods of analysis to keep pace with design 
improvements, and particularly in the aircraft industry’s 
lighter weight structures. The analysis of members 
containing discontinuities affecting the stress distribu- 
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Fic. 1. Sachs and Lubahn’s data! replotted on coordinates 
of Eq. (3). Stress notch sensitivity index of 0.16 for ductile 
materials, electrolytic iron, copper, low-carbon steel, compares 
with index of 0.62 for more brittle materials, high carbon steels 
and cast steel. 


tion has been handled in other industries by adherence 
to conventional photoelastic analysis. This has been 
practical because stresses were held at all times below 
the proportional limit and high margins of safety were 
normally allowed. 

Photoelastic studies have established the existence of 
local stress concentrations, and from such studies stress 
concentration factors have been set up which relate the 
local concentration to the uniform stress in the same 
plane.. This system of evaluating the effect of discon- 
tinuities on stress concentration is independent of the 
material being studied, and applies within the elastic 
range only. In this investigation results were obtained 
that demonstrate the fallacy of applying these arbitrary 
factors in predicting the breaking strength of a section. 

The work described in this paper and carried forward 
by the authors’ company into large-size structural mem- 
bers was aimed at obtaining parameters usable in design 
that would recognize the occurrence of some plastic 
flow in specimens with section discontinuities, and al- 
low predictions of breaking strength to be made for a 
given material and “‘notch’”’ configuration. 


THEORETICAL CONSIDERATION 


A notched member, stressed in the elastic range, de- 
velops stress concentrations at the base of thé notch 
which are functions purely of notch geometry and not of 
the material involved—as expressed by the classical 
stress concentration factors. In the plastic range, how- 
ever, these stress concentrations become redistributed 
across the notched plane. The amount of redistribu- 
tion of stress is a function of the material and proceeds 
by local straining and strain hardening. A notch sensi- 
tive material will undergo a small degree of stress redis- 


tribution and will rupture at the point of maximum 
stress concentration. The mean stress in the plane of 
rupture can be less than the mean apparent ultimate 
strength of the material. An ideal notch insensitive 
material will undergo the maximum amount of stress 
redistribution and strain hardening and will rupture 
across the entire plane of the notch. The ideal notch 
insensitive material may be defined as one which under- 
goes such a degree of stress redistribution and strain 
hardening that the fracture load in terms of the gross 
area will correspond to the mean apparent ultimate 
strength regardless of notch depth. This definition of 
an ideal material may be expressed mathematically by 
Eq. (1). 
(1 — x)Sy = Sy,0O<x< 1 (1) 
in which 
Sy = notched ultimate stress, failure load + origi- 
nal area below notch 


ultimate strength (unnotched) 
fraction of original area removed by notch 
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Eq. (1) may be put in the form of Eq. (2) 


Log lit a 0 (2) 
Su 
and this has been done because the latter plots a 
straight line on semilog paper and lends itself to extra- 
polation from few test points. The ideal material will 
thus plot as a horizontal straight line on a semilog chart 
with the left-hand term of Eq. (2) as ordinate and x as 
abscissa. Eq. (2) may therefore be written as given in 
Eq. (3) 
Log (= 2)5e = —Nx (3) 
Su 
in which the value of Niszero. If N is termed the index 
of stress notch sensitivity, an ideal notch insensitive 
material would have an index value of zero and the more 
notch sensitive a material the larger its index value 
would be. The tests herein described were small in 
number but were selected to check the validity of Eq. 
(3) or to determine usable modifications thereof. 
Sachs and Lubahn!' have assembled notched ultimate 
stress data for several steels, electrolytic iron, copper, 
and aluminum. Plotting these data with the co- 
ordinates of Eq. (3) indicates the aluminum to be close 
to an ideal notch insensitive material with index ap- 
proximately zero. The other materials are as shown in 
Fig. 1, with the conventionally considered more ductile 
materials having a lower index of stress notch sensitivity 
than the more brittle materials. 


‘Test PROCEDURE 


Several types of notched specimens were studied. 
These may be classified as internal and external notches. 
For the former, a drilled hole on the central axis of flat 
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SYMPOSIUM 


HIGH-STRENGTH ALUMINUM 


TABLE 1 
Description of Notch Types Studied, Notched Depths, and Materials 
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Notch 
Notch Depths 
Desig- “o Removed Specimen — —Material -- 
nation Notch Type Notch Dimension Area Cross Section 14ST 75ST 24ST 
] External, sym., sharp 60° V, 0.002-in. Root radius 4-7.8-15.3 0.505 in. diam. Rolled Extruded Rolled 
2 External, sym., dull 60° V,0.02-in. Rootradius 4-7.8-15.3 0.505 in. diam. Rolled Extruded Rolled 
3 External, pseudosym., 60° V,(0.002-in. Root radius 4-8 0.500 in. by 0.150 in. Rolled Extruded Extruded 
sharp 
4 Internal, axial Drilled hole 4-8 0.500 in. by 0.150 in. Rolled Extruded Extruded . 
5 External asym., sharp 60° V, 0.002-in. Root radius 4-8 0.500 in. by 0.150 in. Rolled Extruded Extruded 
a TABLE 2 ; 
Indexes of Stress Notch Sensitivity and Factors Relating Notches and Materials 
a Relative Index Factor Average Relative Index Factor 
Notch -Stress Notch Sensitivity Index— Compared with Notch No. 1— ___ per Notch Compared with 14ST-— 
Designation 14ST 75ST 24ST 14ST 75ST 24ST Type 14ST 75ST 24ST 
1 0.22 0.28 0,46 1.0 1.0 1.0 1.0 1.0 1.27 2.09 
2 0.28 , 0.30 0.68 1.27 1.07 1.48 1.27 1.0 1.07 2.43 
3 0.37 0.45 0.73 1.68 1.61 1.59 1.63 1.0 . 22 1.97 
q 0.50 0.70 1. 26 2.27 2.50 2.74 2.50 1.0 1.40 2.52 
5 0.66 0.84 1.40 3.00 3.00 3.04 3.01 1.0 1.27 2.12 
Average per grade 1.0 1.25 2.22 


specimens was used. For the latter, 60° V notches 
were made in three types: the symmetrical notch was 
put on round specimens; the pseudo symmetrical notch 
was put on opposite surfaces of a flat specimen, the 
notches on the two surfaces being directly opposite 
each other; the asymmetrical notch was put on one 
surface only of a flat specimen. Root radius of the 
60° V notch was 0.02 in. in some tests and 0.002 in. in 
others. ‘Two or more notch depths were used for each 
type of notch. Tests were initially conducted in a 
series of ten identical specimens for each notch type 
and notch depth. As notched ultimate stress results 
per series indicated uniformity of the order of 3.1 per 
cent maximum deviation from the mean for any single 
test, the test series were reduced to five and, finally, to 
two identical specimens per series. 

The tests described above were conducted on three 
grades of aluminum alloys, namely: 75ST, 14ST, and 
24ST. Test specimens were prepared from extruded 
stock and from rolled stock. A detailed list of each 
notched specimen type and the nature of stock from 
which it was prepared is presented in Table 1. Un- 
notched specimens representing each type of stock were 
tested to establish control values (0 per cent notch). 

Specimens were tension loaded to failure in a Bald- 
win-Southwark testing machine in accordance with 
standard procedure.” Load at failure was converted 
to notched ultimate stress, using the net area below the 
notch prior to test. 


RESULTS 


Test results are plotted in Figs. 2, 3, and 4, for 14ST, 
75ST, and 24ST materials, respectively. Agreement of 
test results with the logarithmic expression of Eq. (3) 
isof a fairly good order. Index values for each material 
and each type of notch have been calculated from the 
lines as drawn and the index values are listed in each 


figure for each material. These values cannot be ac- 
cepted as fully substantiated in view of the small num- 
ber of test points. The comparison of the indices 
does, however, indicate relationships that can be use- 
ful. 

As assembled in Table 2 (left-hand section), it can be 
seen that index values are of the same order of magnitude 
for the five notches in each material; i.e., notch No. 2 
gives each of the three materials a larger index than 
notch No. 1, etc. Since notch No. | gives each material 
the lowest index value of its series, the index values for 
the other notches are compared with the notch No. | 
value. These comparisons, presented in the center sec- 
tion of Table 2, indicate that each type of notch has 
the same order of effect on all materials; i.e., notch No. 
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types and several notch depths. Slopes of logarithmic relation- 
ships increase in the order of the notch types. 








AERONAUTICAL SCIENCES—AUGUST, 






































394 JOURNAL OF THE 
r 4 
Zi > 
EI” 10 
| SS 
li “tlie 
c 
4 
Ble 8 
Q\2 
Bla NOTCH SLOPE 
w 5 TYPE N 
— ee 28 
= 2 30 
wis 3 45 
£5 4 70 
5|> 6 5 84 
pe | a 
° WwW 
ojx 
Wj/O 
Fate os 05 10 15 
|S FRACTION OF ORIGINAL AREA REMOVED BY NOTCH-"X" 
zi 
° 
be 
g 


s.af1G. 3. Notched strength of 75ST aluminum with five notch 
types and several notch depths. Slopes of logarithmic relation- 
ships increase in the order of the notch types. 
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types and several notch depths. Slopes of logarithmic relation- 
ships increase in the order of the notch types. 


2 gives each material an index value approximately 
1'/, times greater than the index resulting from notch 
No. 1, etc. Since for each type of notch the index for 
14ST material is a smaller value than for the other ma- 
terials, the index values for 75ST and 24ST are com- 
pared with the index for 14ST. These comparisons, 
presented in the right-hand section of Table 2, indicate 
that for any one notch type alloy 75ST has an index 
value approximately 1!/, times greater than that for 
14ST and alloy 24ST has an index approximately 2'/, 
times greater than that for 14ST. The latter statement 
constitutes the major conclusion disclosed by the tests 
herein reported and may be restated in the following 
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terms: Aluminum alloy 75ST is more stress notch sensi- 
tive than 14ST and alloy 24ST is more stress notch sensi- 
tive than 75ST. 


DISCUSSION 


It is recognized that the stress notch sensitivity in- 
dices presented herein are not to be taken as fully sub- 
stantiated values. The logarithmic curves of Figs, 
2, 3, and 4 are in most cases drawn through two points 
that are not adequate to establish the curves. Further- 
more, the curves are drawn as though all pass through 
the origin, in accordance with Eq. (3). Later evidence 
collected in the authors’ laboratory indicate that at 
least for some types of notches the relationship may be 
better expressed by Eq. (4). 


. 
>. 


Log See = —a — Nx (4) 
YL 
The striking relationships indicated by the factor num- 
bers presented in Table 2 have been useful to the 
authors’ company in understanding the results of static 
tension tests of full-scale structural members. 

The reader is strongly cautioned regarding the ap- 
plication of the authors’ major conclusion. That aluin- 
inum alloy 24ST or 75ST is more stress notch sensitive 
than alloy 14ST should not be construed to mean that 
the former alloys are less desirable for commercial ap- 
plications than the latter. Rather, a recognition of this 
relationship permits design to compensate for a greater 
loss in strength at a region of section discontinuity 
while using an alloy for its otherwise desirable proper- 
ties. 

A communication from the Lockheed Aircraft Cor- 
poration’ further indicates the effect of various notch 
types on ultimate stress as presented in Fig. 5. 
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on one side for various depths through cladding. Notch at 45° 
to applied load results in lower index value than notch at 90° to 


applied load. 
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THE TERM “‘NoTCH SENSITIVITY’’ 


Many workers in the. field of stress studies with sec- 
tion discontinuities characterize notch sensitivity of a 
material as though this were a constant property com- 
parable with another material. The authors have char- 
acterized their study as stress notch sensitivity to em- 
phasize that the effect of notches (section discontinui- 
ties) in the plastic range is not necessarily similar on 
all mechanical properties. The study herein described 
with regard to ultimate stress also included measure- 
ments of 2-in. elongation of all specimens. Results of 
such ductility measurements are presented diagram- 
matically in Fig. 6 for one notch type only (Notch No. 1) 
to illustrate the different effect of a notch on ductility 
in comparison with ultimate stress. From Fig. 6 it 
can be seen that alloy 24ST is the least strain-notch 
sensitive of the alloys tested. The distinction between 
stress notch sensitivity and strain notch sensitivity 
must, therefore, be clearly made. 


REFERENCES 


1 Sachs, G., and Lubahn, J., Effect of Notching on Strained 
Metals, Journal of the American Welding Society, Supplement, 
p. 272, June, 1944. 
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Ductility of 14ST, 75ST, 24ST aluminum as affected 
Alloy 14ST and 75ST suffer greater ductility 


2 Standard Methods of Tension Testing of Metallic Materials, 
A.S.T.M. Designation E 8-42. 

’ Kommer, F. J., Preliminary Investigation of the Effects of Sur- 
face Scratches, Lockheed Aircraft Company Report No. 4945. 





Part II. 


The Effects of Open Holes on the Tensile Strength 


of Some Aluminum Alloys 


C. H. STEVENSON 
Douglas Aircraft Company, Inc. 


ABSTRACT 


Experimental data are presented to show the effect of holes 
on the ultimate tensile strength of 14ST, 24ST, and 75ST alum- 
Variations in efficiency of from 75 to 105 per cent 
Curves useful 


inum alloys. 
are shown for the different alloys and products. 
in design are given to show the effect of single and multiple holes 
of various sizes in plate, bar, and extrusion. 


INTRODUCTION 


SERIES OF STATIC TEST FAILURES, both higher and 

lower than the calculated loads, caused an in- 
vestigation to be made regarding notch sensitivity at 
ultimate strength in the higher strength aluminum al- 
loys. A survey of available literature was made.! 
Large quantities of information (both theoretical and 
experimental) were found on notch effeets in the elastic 
range, but no experimental data are available (and 
only a slight amount of theoretical investigation has 
been made) of notch effects in the plastic range. None 
of these data pertained to ultimate failures! The 


experimental work reported herein was undertaken in 
an attempt to provide designers with sufficient informa- 
tion to avoid failures at loads other than those desired. 


DESIGN PROBLEM 


The design problem that appears to be most pressing 
is the effect of holes in large structural members. This 
problem naturally divides itself into three classifications: 
first, that of a single hole; second, that of multiple 
holes; and third, that of a hole which is used to apply 
the load to the member. The most important part of 
the problem at the time this work was undertaken was 
that of tension loads. As a result, this work was con- 
fined to axially loaded tension specimens only. The 
materials investigated were aluminum-alloy plate, sheet, 
bar, and extrusions in the commercially designated 
14S, 24S, and 75S alloys. A few specimens only were 
made in sheet, all of which were 0.102 in. in thickness. 
Most of the work was done on specimens '/, in. thick 
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Test specimens. 


because large, heavily loaded structural members are 
the most important and most likely to have large at- 
tachments in them. 


TYPE OF TENSILE SPECIMEN 


Fig. 1 shows the type of tensile specimen used 
throughout. The two small specimens shown adjacent 
to the reduced section of the large specimen are shown 
in the figure in their correct relative position with re- 
spect to the original material and were used to deter- 
mine the actual ultimate strength of the material. The 
two small test bars were standard A.S.T.M. sheet speci- 
mens. The large specimen is nonstandard and some 
discrepancies may exist because of its large size. If 
such discrepancies do exist they are unimportant be- 
cause structural members will not conform to standard 
tensile coupons. 


SINGLE HOLES’ 


Single holes were drilled in the center of the large 
tensile specimens as shown in Fig. 1, and the ultimate 
strength determined with an ordinary tensile testing 
machine. The size of the hole was varied to change the 
amount of area removed for different tests. Results 
are shown in Fig. 2. The ordinate—per cent effi- 
ciency—is based on net area after drilling the holes. 
The abscissa—per cent area removed—is the ratio of 
the hole diameter to the width of the specimen. It will 
be noted that the curve for 75ST bar is somewhat er- 
ratic and does not have the characteristic shape of the 
other curves in this figure. This bar was an experi- 
mental piece of material and was considered to be un- 
satisfactory by the fabricator. With the exception of 
this 75ST bar, all the curves have the same general 
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shape but are displaced vertically depending upon the 
alloy and the method of fabrication. 

It is interesting to note that, when any one alloy is 
considered, the order from top to bottom in all cases is 
plate, bar, and extrusions. If any one method of fabri- 
cation is considered, the order from top to bottom is 
always 14ST, 75ST, and 24ST. No explanation is of- 
fered for the fact that in some cases efficiencies in excess 
of 100 per cent were measured. It is believed that 
these efficiencies can be justified on a theoretical basis 
but sufficient work has not been done as yet to establish 
a definite explanation. 


MULTIPLE HOLES 


Fig. 3 shows the effect of multiple holes. The 
ordinate in this figure is the same as that of Fig. 2. The 
abscissa is merely a convenient method of presenting 
the data. The specimens were arranged to show in- 
creasing efficiency for the sake of clarity. The amount 
of material removed in all cases was 25 per cent, and 
the hole locations are shown approximately to scale in 
the figure. 

In order to determine whether the amount of the ma- 
terial removed or the radius of the hole was the control- 
ling variable, a series of specimens was prepared with 
slotted holes, holding a constant radius at the ends of 
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the slot and varying the length of the slot so as to vary 
the percentage area removed. These results are 
shown in Fig. 4. It appears from this figure that the 
radius has a much larger effect on the efficiency than 
the amount of removed area has. This information 
may be of some theoretical value, but it is of little prac- 
tical value since most structural fastenings are circular 
in nature. 


Pin-LOADED MEMBERS 


The problem of pin-loaded members is much more 
complicated than that of centrally located holes be- 
cause many more variables are present. It was first 
thought that the pin length would have considerable 
effect on the efficiency of the member. An attempt was 
made to determine the magnitude of this effect by test- 
ing a series of specimens, each of which was designed to 
fail at the same load based on the nominal strength of 
the material, but having different ratios of pin diameter 
topin length. All pins were of the same diameter with 
the variation created by varying the thickness of the 
specimen and the amount of material around the hole. 
The series consisted of 17 specimens, some of 24ST and 
others of 75ST, with the pin Jength to diameter ratio 
varying from '/; to 2. No significant variation of ef- 
ficiency was noted from these tests and it was concluded 
that pin length was unimportant. 

Next, a series of specimens was constructed with a 
variation in the amount of area removed from each. 
These specimens contained steel bushings through which 
the load was applied by a conventional pin. Bushing 
outside diameters were 1 in. installed with a light press 
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fit of from 0.001 to 0.0025-in. interference. Only 75ST 
and 24ST extrusions were tested in this case. The 
efficiencies for 75ST vary from 88 per cent for 40 per 
cent area removed to 98 per cent for 75 per cent area 
removed. For 24ST extrusions the efficiencies vary 
from approximately 85 per cent for 50 per cent area re- 
moved to 90 per cent for 70 per cent area removed. 
The scatter in these cases is excessive and therefore 
the data are not reliable. 


CONCLUSION 


Figs. 2 and 3 represent information that the author 
believes may be used safely in design work to prevent 
both excessive weight and insufficient strength. The 
experimental work recorded here is only a start on what 
is hoped will be an extensive investigation of the nature 
of plastic failures as affected by practical design prob- 
lems. 

It has been standard practice throughout the industry 
to use substitute parts and materials on prototype air- 
planes to expedite their construction. The data in 
Fig. 2 emphasize the necessity for careful considera- 
tion of not only a change in alloy, but also a change in 
method of fabrication of this alloy wherever substitu- 
tions are to be made; and further emphasize the neces- 
sity for careful consideration in the design of the form 
in which an alloy is to be used a. vvell as the alloy itself. 
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Part III. 


Notch Effects in High-Strength 


Aluminum-Alloy Spar Caps 


D. L. MOSELEY 


Douglas Aircraft Company, Inc. 


SUMMARY 


For spar caps having an area of 4 to 6 sq.in. and with 15 to 25 
per cent of this area removed by bolt holes, the average net area 
efficiency was 85 per cent for 14ST billets and 91 per cent for 75ST 
extrusions. 


HE GENERAL DESIGN TREND in wing construction is 
i. use large spar caps in medium and large air- 
planes. The Douglas Company is using only 14ST and 
75ST caps in its most recent designs; the older air- 
planes had 24ST caps. In certain cases it may be de- 
sirable to have large bolt holes in the caps for the at- 
tachment of nacelles, flap brackets, landing gears, and 


similar items. In the case of the large airplanes, the 
problem of cap splicing is more predominant because 
the necessary lengths cannot be obtained in one piece. 
The purpose of this paper is to show the effect on the 
ultimate tensile strength of several arrangements of bolt 
holes in large spar caps of different materials. 


TEST PROCEDURE 


Three spar cap configurations were investigated for 
the effects of stress concentrations caused by large bolt 
holes in 14ST and 75ST spar caps. The hole patterns 
selected are typical for problems of this kind and the 
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shape of the caps is common to many airplanes. The 
materials used were 14ST rolled billets, 75ST extrusions, 
and one 75ST rolled billet. The holes were not loaded 
in these tests. 

The term “‘stress concentration’”’ is used with respect 
to stress at ultimate failure and not to stress in the 
elastic range; it is used interchangeably with “‘stress 


notch sensitivity.’’ The efficiency of the caps is based 
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on the ratio of net area ultimate stress (Sy) of the caps 
to the ultimate stress (Sy) of the coupon materials. 
Fig. 1 shows the test setup in the Southwark-Emery 
testing machine. Strain gages were used for checking 
the alignment of the cap specimen in the machine. 
Tensile coupons were taken out of several different 
zones in the cap cross sections in order to obtain an 
average that would be representative for the whole cap. 
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Coupons were taken as close as possible to the test 
specimen in order to minimize variations in properties 
which occur along the spars. 

Fig. 2 shows a type I test specimen after failure. 
This cap had three large holes in a row passing vertically 
through one side of the cap. The net area used in sub- 
sequent computations takes the small holes in the 
flanges into account. 

A comparison of a 14ST rolled billet with a 75ST ex- 
trusion for a type I spar cap is shown in Fig. 3. The 
two sections were the same size except that the body of 
the 75ST specimen was slightly deeper. The amount 
of eccentricity present is expressed as a function of the 
shift in neutral axis due to the hole divided by the 
width of the body of the cap (3'/2 in. in this case). In 
comparison with the 14ST cap, the 75ST cap had 10 
per cent more net area, 32 per cent stronger (coupon) 
material, carried 35 per cent more load and had a 6.8 
per cent greater stress concentration effect. The rela- 
tive efficiencies of 14ST and 75ST were 89.3 and 82.5 
per cent, respectively. Therefore, if the area of the 
75ST cap had been increased only 7 per cent, the load 
carried should have decreased by 3 per cent to a new 
value of approximately 32 per cent and then the in- 
crease in area would have just offset the stress concen- 
tration effect of the hole. 

Fig. 4 shows a type II test specimen after failure. 
This cap had one large horizontal hole through it, 
which was located below the neutral axis. 

Two 14ST rolled billets are compared with a 75ST 
One 14ST cap was larger 
and the other was smaller than the 75ST cap. The 
amount of eccentricity present is expressed as a function 
of the shift in neutral axis caused by the hole divided 
by the depth of the cap body. From the data provided 
by the two 14ST caps, the strength of a third 14ST cap 
with a net area equal to that of the 75ST cap was cal- 
culated to be 290,000 Ibs. On the basis of equal areas 
for 14ST and 75ST, the 75ST cap with an average of 
27 per cent stronger (coupon) material, would have car- 
ried 16 per cent more load with an efficiency of 84.2 
per cent. The load carried by the 75ST cap did not 
increase in proportion to its greater material strength by 
ll per cent. This checks closely with the difference in 
efficiency of the two cap materials. , 

Fig. 6 is similar to Fig. 5 except that this time a 14ST 
rolled billet is compared with a 75ST rolled billet. 
This 75ST billet was used for experimental purposes 
only since its mechanical properties were not guar- 
anteed. Both caps had the same dimensions and net 
areas. These results are different from all the others 
because of the fact that the 75ST carried 2 per cent 
less load than the 14ST although the coupon material 
in the 75ST cap was 11.8 per cent stronger than 14ST. 
This can be explained by observing that the 11.8 per 
cent increased material strength of the 75ST was offset 
by its 11.6 per cent greater stress concentration effect. 
Therefore, it should have carried about the same load 
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as the 14ST cap. The efficiency of the 14ST and 75ST 
caps was 94.2 and 82.6 per cent, respectively. 

A type III test specimen after failure is shown in 
Fig. 7. Two large holes run vertically through the 
body of the cap and they are not located symmetrically 
with the center line of the cap. The two small holes 
were placed in the cap in order to simulate actual con- 
ditions on the airplane; they had a negligible effect on 
the test results. 

Fig. 8 shows the relation of a 14ST rolled billet to a 
75ST extrusion for a type III spar cap. The net areas 
of the two specimens differed by 1 per cent, the 75ST 
being the larger. The 75ST cap had 22 per cent 
stronger (coupon) material and carried 16 per cent more 
load. This shows that the 75ST cap’s load-carrying 
capacity did not increase in propcrtion to its greater 
material strength by 6 percent. This can be accounted 
for by the 75ST cap’s lower efficiency of 84.5 per cent 
as compared with an efficiency of 89.8 per cent for the 
14ST cap. 

The various spar cap combinations have been com- 
pared on the basis of their efficiencies, Sy/Sy. Fig. 9 
shows the efficiency of spar caps with respect to 
Jensen’s curves for 2.0 by 0.50 specimens with single 
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symmetrical holes. (These curves are taken from Fig. 
2 of Mr. Stevenson’s paper.) It can be seen that the 
type I cap has 7.5 to 10 per cent less efficiency than the 
small specimens of corresponding material. The type 
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II spar caps showed 6 to 9 per cent lower efficiency for 


14ST and 75ST (extrusions), respectively. The 14ST 
and 75ST caps, type III, had an efficiency 10 per cent 
lower than the corresponding small specimens. 

Apparently the greater mass and eccentricity effects 
of the spar caps were the contributing factors to the 
lower efficiencies with respect to Jensen's curves. 

Fig. 10 shows the relative efficiencies of 14ST and 
75ST (extrusions) for the three different types of caps 
investigated. The 14ST rolled billet averages about 91 
per cent in efficiency and the 75ST extrusion averages 
approximately 83 per cent in efficiency for the three 
types of caps. 

The net areas have been plotted against efficiency for 
14ST and 75ST in order to show mass effects. In Fig. 
11 the three types of caps have been arranged so that 
their mass effects can be compared. The dotted lines 
connect spar cap data with the small 2.0 by 0.50 
specimen data. For the range of specimens investi- 
gated, it can be seen that increasing the size causes de- 
creasing efficiency. For the 14ST caps, there was small 
change in efficiency due to increased mass, but for 
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75ST a more rapid decrease in efficiency takes place 
with increased mass. 

Static tests were conducted on two wings. One wing 
had all of its spar caps made of 14ST; the other had 
14ST upper spar caps and 75ST extruded lower spar 
caps. The upper spar caps were exactly the same size 
in both wings and the only difference in the size of the 
lower caps was that the 75ST extrusions had more local 
area in the region of large bolt holes. In both wings 
the lower caps failed in tension. The failure in the 
front 75ST cap is shown in Fig. 12; this was a type I 
section. Fig. 13 shows the failure in the rear spar near 
a type II section. The wing with the 75ST caps car- 
ried 25 per cent more load than the wing with 14ST 
caps. Since the guaranteed minimum tensile strength 
of 75ST extrusion is 20 per cent greater than 14ST bar, 
this order of increased strength was expected with the 
provision that proper allowance was made for the 
greater stress notch sensitivity of 75ST material. 
(Coupons taken from the spars of these wings showed 
that 75ST material had 28 per cent greater strength.) 


ALLOYS Ol 
CONCLUSIONS 


The results of these tests lead to the following con- 
clusions: (1) In some cases, stress concentration effects 
have caused parts made from a high-strength aluminum 
alloy to have equal or slightly less strength than parts 
made from a lower strength aluminum alloy. (2) In 
cvercoming the effects of stress concentrations, the 
75ST alloy will require the addition of more material 
at the hole than the 14ST alloy. (3) Eccentricity, of 
course, is to be avoided. Holes through structural 
members should not come too near the surface. (4) 
Test results show that there is a trend toward decreas- 
ing efficiency as the mass of the spar cap increases. 
(5) Small local increases in area take care of the notch 
effects caused by bolt holes, making it possible to take 
advantage of the greater strength in the remainder of 
the 14ST or 75ST member. (6) In view of the limited 
number of tests, there is a need for further investiga- 
tion of large-size specimens of high-strength aluminum 
alloys for the effects of stress concentrations. 





Part IV. The Effect of Notches upon Limiting Strain 
in High-Strength Aluminum Alloys 


O. A. WHEELON anp ST. J. BARRETT 


Douglas Aircra/t Company, Inc. 


ABSTRACT 


Bending tests were conducted on !/s-in. square, notched bars 
of 14ST, 24ST, and 75ST. It was found that notches of any 
depth drastically reduce the limiting strain for all materials 
tested and for all testing temperatures. The effect of notches 
upon the formability in bending is more severe in the case of 
75ST than in the case of 24ST. Heating appreciably increases 
the limiting strain under notch conditions for the two artificially 
aged alloys, 14ST and 75ST. A true solution of the notch problem 
is dependent upon a fuller knowledge of rupture conditions under 
triaxial stresses and upon knowledge of the effect of notch geom- 
etry upon the stress state. 


INTRODUCTION 


HE EARLIEST EXPERIENCE of Douglas Aircraft in 

forming 75ST parts showed the strain limits of 
that material to be extremely sensitive to scratches. 
It was found that if excessive breakage during forming 
was to be avoided, it was necessary to polish the critical 
regions of all parts to be formed. This shop experience 
indicated that the relative effect of notches upon the 
strain limits of 24ST and 75ST was exactly the opposite 
of their effect upon the ultimate tensile strength of the 
two alloys. 


TEST WoRK 


A series of tests was conducted to determine under 
controlled conditions the quantitative effect of notches 
upon fabrication or strain limits. The tests were con- 
fined to the bending of '/2-in. square bars cut from 14ST, 
24ST, and 75ST extrusion. The 14ST and 75ST bars 
were bent at elevated as well as at room temperature. 
At least two bars of each alloy were set aside as control 
specimens and a 60° V notch was machined across one 
face of each of the others. Three depths of notch 
were used. For the 24ST and 75ST bars the radius 
at the root of the notch was 0.0025 in. For the 14ST 
bars, which were run in a separate test, the radius 
was 0.0005 in. The bars were supported by two 1'/2-in. 
radius rollers with centers 5 in. apart, and a load was 
centrally applied through a '/2-in. radius die block di- 
rectly over the notch. 


After the bars were fractured the strain on the 
tension surface of each bar was read from a 100-line- 
to-the-inch photogrid. The greatest strain that had 
been attained away from the notch was taken as the 
‘limiting strain’”’ or fabrication limit for that particular 
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operation and notch condition. In Fig. | the limiting 
strain for the 24ST and 75ST bars is plotted against 
notch depth. It can be seen that under notch condi- 
tions the limiting strain of 24ST exceeds that of 75ST 
at room temperature, while the limiting strain of 75ST 
at 250°F. is higher than either of the other two. Fig. 2 
shows the limiting strain for the 14ST bars. ‘These are 
not compared directly with the data from the 24S and 
75S bars because of the difference in root radii. 


EFFECT OF TEMPERATURE 


For both 14S and 75S, heating increased the limiting 
At any strain level the 


strain under notch conditions. 
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horizontal distance between the “hot” and “cold” 
curves for the same material indicates the range of notch 
depths that would precipitate failure in cold- bending 
but not in hot bending. This distance is a measure of 
the relative advantage of hot bending at the various 
strain levels. The vertical distance between the two 
curves indicates the difference in strain level permissible 
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at the two temperatures for a surface condition simulat- 
ing a notch of any given depth. 


Notcu EFFrect Not ISOLATED 


In an attempt to isolate the notch effect the limiting 
strains of the notched bars were expressed as percen- 
tages of the limiting strains attained in the corresponding 
unnotched bars. In Fig. 3, these values are plotted 
against notch depth. 

On first analysis it appeared that this per cent of the 
control specimen strain determined the relative bending 
strain “‘notch sensitivity’’ of the materials. On this 
basis, the limiting strain of 24ST appears least affected 
by notches; that of 75ST at 250°F. next; and 75ST 
at room temperature most affected. Fig. 4 indicates 
that the performance of the 14ST bars is also improved 
by heating. A re-examination of the data, however, 
shows the fallacy of this reasoning. Work conducted 
by Sachs! has indicated that the limiting strain in bend- 
ing unnotched bars is related to a stability phenomenon 
similar to that of necking in tensile test coupons. This 
stability factor varies both with material and with 
specimen geometry. Hence, the basis from which the 
notch effect is measured is not a true material constant 
but rather is a sliding yardstick whose change with 
specimen geometry differs for different materials. 
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TRIAXIAL STRESS STATE 


Further study reveals another obstacle to any general 
application of the data. This obstacle lies in the tri- 
axial stress state induced by the notch. The existence 
of such a stress state is deduced from photogrid analysis. 
The distribution of strain along the surface of an un- 
notched bar bent to fracture is shown in Fig. 5. The 
region of greatest strain is directly adjacent to fracture. 
The distribution of strain along the surface of similar 
bars with notches is shown in Fig. 6. For these there 
is zero strain at the edge of the notch, and this zero 
strain in the notch shoulder has an important effect 
upon the stress state at the notch root. 

Normally, when a bar is bent the material on the 
tension side of the bend contracts laterally to preserve 
constant volume, so that the cross section changes from 
that shown by the dotted lines of Fig. 7a to that shown 
by the solid. When there is a notch in the tension sur- 
face of the bar, however, the unstrained material in 
the shoulder of the notch does not contract laterally 
and tends to restrain the highly stressed material at the 
notch root as shown in Fig. 7b. Thus, the notch 
shoulder produces an increased lateral stress. 
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The complex stress state under the notch is also 
evidenced by the types of fracture. For example, in 
Fig. 8 the 75ST bar bent at 250°F. with a 0.010 in. 
deep notch shows a sliding, shear fracture from the 
root of the notch. For an identical bar with a 0.025 in. 
notch the fracture progresses straight down from the 
root in a square, “‘brittle’”’ failure. The only apparent 
explanation for this difference in fracture appearance is 
that the increased notch depth results in higher induced 
secondary stresses beneath the notch, and that these 
increased secondary stresses in turn change the condi- 
tions of rupture. 

Since a significant part of the notch effect is found in 
the triaxial stresses it produces, it is clear that the ef- 
fect of the notch will vary with the triaxiality already 
existing in the member. Conclusions drawn from the 
effect of notches in bending square bars can therefore 
be extended to other cases of bending only with caution. 
For instance, the lateral restraint of the notch shoulder, 
though important in the tests just described, would not 


Letter to 





Dear Sir: 
It seems important at the present time to point out,that the 
linearized compressibility correction of 1/+\/1 — M2? applies 


only to two-dimensional flows. The factor 1/+/1 — M2? has 
been improperly introduced as a correction for axially symmetric 
three-dimensional flows in many recent papers (see, for example, 
references 1 and 2). 

As early as 1937 Ferrari*® pointed out that to the first order or 
linear approximation a given body of revolution has the same 
pressure distribution in either a compressible or an incompressible 
fluid as long as the flow remains subsonic. The incorrect deriva- 
tion of the factor 1/+/1 — M? for three-dimensional flows has 
been based on the assumption that the linearized perturbation 
potential ¢’ varies directly with the geometry of the flow. This, 
however, is only true for two-dimensional flows as may be seen 
by comparing the potential for a source in the two cases. 


o(x, y) = Ux+ (m/2r) log r 
o'(x, y) & (mM /2m) {log a+ [(r — a) /a}} 


for |r — a} < |a}. 


o(x, y, s) = Ux + (m/4r)(1/r) 
? mfl And... 
o'(x,y, 2) B _ 
4r\a a? 


for |r — a| < ja}. 

The analysis of a source sink system in a compressible subsonic 
flow shows that, for a given small symmetric body in an axially 
symmetric flow, the increase of Au the velocity component along 
the x axis (free stream direction) due to compressibility effects 


will be approximately 


Au Au 2x? — (1 — M?)y? 
pace -( a“ [* A at se x 
U. / Comp. uc Jincomp, 2x? — y* 


Ee on y? /2 
x? + (1 — M?)y? 











influence the bending of wide sheet where there is al- 
ready complete lateral restraint. 

In brief, it must be concluded that the notch effect 
cannot be isolated in tests such as these until we have 
a more thorough understanding of the variables affect- 
ing the bending process itself, the effect of notch geom- 
etry upon the stress state, and the effect of triaxiality 
upon rupture conditions. 

However, despite these difficulties the tests have 
shown how seriously strain limits are reduced by dis- 
continuities and the need for polishing critica] items. 
The benefit of heat is well demonstrated for those ma- 
terials whose local elongation improves at elevated 
temperatures. 
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the Editor 


at large distances from the body. As a first approximation the 
velocity increment Au along the body or along the streamline 
y =,0 flowing to or from the stagnation point will not be altered 
by the compressibility of the fluid. The velocity increment 
Au at great transverse distances from the body will on the 
contrary be increased by 1/(1 — M?)’*/? (see reference 4, page 33). 


Similarly, for plane two-dimensional flows over a given small 
symmetric body the corresponding relation will be 


“) Au x? — 
U @ / Comp. tt /Incomp.[: (x? — yy?) 





4 & 
x? + (1 — M*),* 


Consequently, the first approximation of the compressibility 
effects is to increase the velocity increment Au along the given 
body or along the streamline flowing to or from the stagnation 
point by the factor 1/+/1 — M*. Similar to the axially sym- 
metric flow, the plane flow increment Au at great transverse 
distances from the body will be increased by 1/(1 — M2)*/2 (see 
reference 4, page 29). 


REFERENCES 


1 Goldstein, S., and Young, A. D., The Linear Perturbation Theory of 
Compressible Flow, with Applications to Wind Tunnel Interference, R & M 
No. 1909, British A.R.C., July, 1943 

2 Tsien, Hsue-Shen, and Lees, Lester, The Glauert-Prandil Approximation 


for Subsonic Flows of a Compressible Fluid, Journal of the Aeronautical 


Sciences, Vol. 12, No. 2, pp. 173-187, April, 1945. 

3 Ferrari, C,, Campi di Corrente Inpersonora Alttorno a Solidi di Rivolusione, 
L’Aerotecnica, Vol. 17, pages 507-518, 1937. 

4 Sauer, Robert, Theoretische Einfiihrung in die Gasdynamik, Springet- 
Verlag, Berlin, 1943. ~ 


EDMUND \V. LAITONE 


Section Head—Engineering Flight Research 
Cornell Aeronautical Laboratory 











rec 
tur 
an 
ter 
sul 
str 


is al- 


effect 

have 
ffect- 
-eom- 
iality 


have 
y dis- 
tems. 
> ma- 
vated 


tion of 
Alloys 
Use in 
Sha pes 
Serial 


mm the 
umline 
Itered 
ement 
n the 
e 33). 


small 


Al 


ibility 
given 
1ation 
sym- 
sverse 
/s (see 


cory of 
. & M 


mation 
autical 


usione, 
ringer- 
INE 


search 
atory 








An Autographic Method for Obtaining Load- 
Extension Records of High-Speed Tensile 
Tests on Sheet Specimens at 
Elevated Temperatures 


ALAN E. FLANIGAN,* LESLIE F. TEDSEN,{+ JOHN E. DORN,f{ anv H. R. KAISERT 
University of California 


ABSTRACT 


An apparatus has been developed for obtaining load-extension 
records of tensile tests on sheet specimens at elevated tempera- 
tures. It has been used successfully at temperatures up to 900 °F. 
and at strain rates as high as 1 per sec. Difficulties are encoun- 
tered, however, in determining the load at fracture. Typical re- 
sults are shown to illustrate the effects of testing temperature and 
strain rate on the load-extension curves for XB75S-O Alclad 
sheet 


INTRODUCTION 


¢ CONNECTION WITH A RECENT STUDY of the formabil- 
itv of aluminum-alloy sheet at elevated tempera- 
tures, it was necessary to investigate the elevated tem- 
perature tensile properties related to formability.' Since 
the testing speeds were considerably higher than those 
ordinarily used in tensile testing, an autographic 
method was required. The problem was further com- 
plicated by the need to use slieet materials for speci- 
menis. 

The apparatus described in this paper was developed 
to obtain complete load-extension records under these 
conditions. It was used successfully at temperatures 
up to 900°F. and at strain rates as high as 1 per sec. 
It is probably suitable for tests at higher temperatures 
and higher rates. 


GENERAL DESCRIPTION OF LOAD-EXTENSION RECORDER 


Electrical methods are employed to measure both 
load and extension. An a.c. voltage is regulated in 
such a manner that changes in voltage are directly pro- 
portional to the load on the specimen. A second voltage 
is caused to vary in proportion to the extension in a 2- 
in. gage length. The resulting voltages are rectified 
and applied across the deflecting plates of a cathode- 
ray oscilloscope, causing the beam of the latter to trace 
out a load-extension curve which is recorded photo- 
graphically. During the course of a test the oscillo- 
scope beam is extinguished at regular intervals to pro- 
duce a dashed curve from which it is possible to deter- 
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mine variations in strain rate. The frequency of inter- 
ruption may be adjusted over a wide range. Upon final 
parting of the specimen the beam is automatically ex- 
tinguished permanently. A block diagram of the ap- 
paratus and a photograph of the recorder are shown in 
Figs. 1 and 2. 


LoaD MEASUREMENT 


Load measurement is achieved through the deflection 
of a steel proving ring in series with the specimen (Fig. 
3). A pair of SR-4, A-11 strain gages mounted in 
opposition on the inner and outer surfaces of the ring 
are connected to an a.c. bridge circuit so that when the 
ring is loaded the bridge is thrown out of balance. A 
12,000-cycle oscillator is used to feed the bridge, and the 
alternating voltage resulting from unbalance is ampli- 
fied and rectified, yielding direct voltage proportional 
to the load. This voltage is applied to the vertical de- 
flecting plates of the oscilloscope. 
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Fic. 1. Block diagram of load-extension recorder. 
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Fic. 3. 


Load-extension recorder. 


Fic. 2. 


A load calibration is carried out immediately preced- 
ing each test. In this process spots corresponding to 
known loads are photographed on the screen of the 
oscilloscope. True values of the loads used in calibra- 
tion are obtained by means of a second set of strain 
gages mounted on the ring and connected to an SR-4 
strain indicator. Previous calibration of the proving 
ring is, Of course, required. 


MEASUREMENT OF EXTENSION ; 


The extensometer is somewhat similar to a device 
used at room temperature by Jones and Moore.’ It 
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Proving ring and loading device used in calibration of 


load scale 





Extensometer mounted on specimen, 





consists of two steel yokes, a 30-gage Nichrome resist- 
ance wire, and a sliding contact made of nickel rigidly 
attached to the upper yoke. Details are shown in Figs. 
4 and 5. 

In testing, the yokes are secured to the specimen at | 
each end of the gage length by means of sharp cones 
pressed into the specimen by high-temperature steel 


springs. The cones penetrate to a depth of approxi- 





mately 0.007 in. The resistance wire is connected as a 


voltage divider across the output of a 5,000-cycle oscil- 














One end of the wire is anchored and grounded at 
The remainder extends upward past 


lator. 
the lower yoke. 
the sliding contact so that when a specimen is extended 
the contact sweeps across the wire through a distance 
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dependent on the relative spacing of the gage points. “ee 
The change in voltage at the contact is thus propor- Bite fT 
tional to the extension. The voltage after being ampli-  |,,™"*-7T_| 
fied arid rectified is applied across the horizontal deflect- Memon] | 
ing plates of the oscilloscope. Tension in the wire is | 
maintained by means of a small helical spring. A slight 
eccentricity of the wire causes it to bear against | at. mace, 
the sharp edge of the contact. At temperatures as |, ou. ‘| } 
high as 900°F. satisfactory electrical contact is ob- LEAD WIRE } 
tained. pee i 
LEAD WIRE ] 
CALIBRATION OF STRAIN SCALE Rieti 
Preceding each test calibration spots are photo- ; 
graphed through utilization of the device shown in Fig GROUND LEAD” _Ponnact cone 
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CROSSHEAD SPEED , 


c 
2 
a 
a 
=< 
Le] 
pe 
EXTENSION, in. per 2 in EXTENSION , in per 2 in 
TIMING RATE: 


100 pulses /min 30 pulses /min 


CROSSHEAD SPEED, i153 


pounds 


LOAD, 


EXTENSION, in per 2 in EXTENSION, in per 2 in 


TIMING RATE: 


120 pulses /sec, 30 pulses /sec 


Fic. 6 


nected from the oscilloscope circuit and the ‘‘calibrator’”’ 
substituted. 
positioned on the resistance wire slightly above the 


The nickel contact edge of the latter is 


upper yoke and a spot corresponding to zefo extension 
is registered. The calibrator is then moved upward 
along the wire and additional spots are photographed at 
known distances, a step gage being used to insure accu- 
rate control of the movement. In elevated temperature 
tests motion of the calibrator is controlled from outside 
of the furnace. 

After calibration, the calibrator is withdrawn and the 
original connections are restored. The point on the 
oscilloscope screen representing zero elongation for the 
following test is then made to coincide with that for the 
calibration by means of a zero positioning control in the 
circuit. Thus, it is not necessary that the initial posi- 
tion of the calibrator on the wire coincide with that of 
the moving contact. 

In tests at elevated temperature, calibrations should 
be made after specimen and extensometer have attained 
temperature, so that no change in temperature occurs 
between calibration and testing. Heating currents 
must be shut off during both operations to eliminate 
electrical interference. 


TyYPIcAL LOAD-EXTENSION RECORDS 


A set of typical records shown in Fig. 6 reveals the 
effects of temperature and strain rate in tests on XB- 


in / minute 





EXTENSION, in per 2 ‘tn 


27 pulses Amin 55 pulses /min 


in. /minute 





EXTENSION , in per 2 in 


EXTENSION, in per 2 in 


15 pulses /6ec. 20 pulses /sec 


Typical load-extension records for XB75S-O Alclad sheet. 


75S-O*Alclad sheet. The individual curves are com- 
bined and plotted to a common scale in Fig. 7. 

Although each of the tests was run at constant cross- 
head speed, it may be seen from the timing pulses in 
Fig. 6 that the strain rate varied in the course of a test, 
the rate in the elastic region being considerably lower 
than that attained in the plastic portion. The varia- 
tion is attributed to the design of the specimen em- 
ployed. The reduced section (including the 2-in. gage 
length) was 3'/, in. long in a total specimen length of 24 
in. In the early stages of a test both the reduced 
section and the much longer grip section were strained 
elastically, so that only a small part of the crosshead 
motion was concentrated in the gage length. Because 
of its smaller section, however, the latter flowed plasti- 
cally at loads at which the remainder of the specimen 
was below the elastic limit. Thus, an increasing propor- 
tion of the crosshead motion was concentrated in the 
gage length in the latter stages of a test. 


EVALUATION OF THE METHOD 


Extensive tests reveal that the apparatus produces 
reliable load-extension records over the range of tem- 
peratures and speeds employed. Values of maximum 
load and elongation at fracture indicated by the curves 
have been checked with values determined independ- 


ently and found in good agreement. The reproducti- 


* The alloy formerly known as XB75S is now designated as 
75S by its producer, the Aluminum Company of America 
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ELONGATION -- in. per 2 in. 


Fic. 7. 
plotted from Fig. 6) 


bility of records is excellent, as indicated in Fig. 8. As 
noted later, however, serious difficulties are met in de- 
termining the precise load at fracture. 

A modified extensometer incorporating a resistance 
wire on each side of the specimen has been used to deter- 
mine yield stress and the modulus of elasticity at ele- 
vated temperatures. While acceptable for determina- 
tion of yield stress, the method is not regarded as satis- 
factory for the modulus of elasticity. Rather smooth 
curves were obtained but scatter in the modulus values 
was of the order of =5 per cent. Lack of flatness on the 
part of the oscilloscope screen contributed to the diffi- 


culty. 


DIFFICULTIES ATTENDING DETERMINATION OF THE 
LOAD AT FRACTURE 


In the study of formability true stress-true strain 
curves are often desired. To derive such information 
from a load-extension record it is necessary to know 
both the load at fracture and the corresponding local 
strain. The latter may be obtained from the fractured 
specimen by measurement of the reduction in area but 
the load at fracture in a high-speed test presents more 


difficulty. 
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Load-extension curves for bare XB75S-O sheet (re- 
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As mentioned previously, the recording apparatus is 
so constructed that the oscilloscope beam is automati- 
cally extinguished upon final parting of the specimen, 
this action depending on the breaking of a circuit 
through the specimen itself. Thus, after initiation of 
fracture, the apparatus continues to record during the 
period of crack propagation. The load on the specimen 
tends toward zero at the instant of complete parting 
since the remaining section vanishes. Asa result, the 
record might be expected to terminate at zero load. 
Actually, this is seldom the case for reasons associated 
with the high velocities of crack propagation which may 
result from release of elastic energy stored in the load- 
ing system. Two reasons are apparent: 

(1) To avoid overexposure or underexposure of the 
film it is necessary to select an intensity of the oscillo- 
scope beam suitable for the crosshead speed employed. 
A greater intensity is needed in a high-speed test, for 
instance, than in one conducted at a lower speed. Dur- 
ing the period of crack propagation the travel of the 
beam may become relatively rapid, resulting in a de- 
crease in the intensity of the record. The latter may 
vanish abruptly upon initiation of fracture (desirable) 
or may fade out gradually during the period of crack 
propagation (undesirable). 

(2) During the period of crack propagation, changes 
in the load on the proving ring may lag simultaneous 
changes at the fracture, the difference depending on such 
factors as the distance from the fracture to the proving 
ring and the relative velocities of crack propagation 
and the stress wave. The final point on the record may, 
therefore, lie between zero load and the actual load at 
fracture. When the velocity of crack propagation is 
sufficiently great, the last point may correspond closely 
to the load at fracture (desirable). Otherwise, the rec- 
ord may continue past this point (undesirable). In 
cases where the load-extension record continues beyond 
the initiation of fracture, a more or less abrupt change 
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in slope might be expected to mark the actual fracture. 
In practice, such changes are often not evident or are 
poorly defined. 

In conclusion, it may be said that the method as em- 
ployed to date may fail to clearly define the fracture 
load but that it is otherwise satisfactory. 
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Letters to the Editor 


Dear Sir: 

The paper by G. H. Martin, ‘“‘A Procedure for Determining the 
Critical Load for a Column of Varying Section’”’ (JOURNAL OF THE 
AERONAUTICAL SCIENCES, Vol. 13, No. 3, p. 185, March, 1946) 
presents a simple method based upon approximating the elastic 
curve. Whenever found in aircraft structures, good design usu- 
ally dictates that such columns vary in a more or less regular 
manner. 

In such cases there is available a much shorter method, for 
which the writer is indebted to Arthur Ogness, of the Douglas 
Aircraft Company, Inc. It is based upon the usual assumption 
that the elastic curve is a segment of a-sine curve and uses energy 
methods and a matrix solution to arrive at the following expres- 
sion for the critical load of a pin-ended column: 


“ 


P., = 20,000(E/L?)Z(C,,/T 4) 
0 
in which 
n = the number of segments into which the column is divided 
], = the average moment of inertia of each segment 
C,, = aconstant whose value for each segment is as follows: 
Segment Numbers C 

1 and 10 10.00 

2 and 9 84.15 

3 and 8 204.05 

4 and 7 323.88 

5 and 6 397 .28 


In the classic example of Dinnick, as solved by the author in 
his Appendix, only one-half of the symmetrical column need be 
considered. Using a slide rule, the procedure is as follows: 


Segment 1 2 3 4 5 

Avg. / 0.0322 0.0368 0.0451 0.0491 0.0491 
( 10.0 84.2 204 32 397 
C/I 310 2290 4520 6600 8090 


10 
X(C/I) = 43,600 
0 


P., = 20,000E/43 ,600L? 
for J’ = 0.0491 and 
P., = 9.385EI'/L? 


for any value of J’. 


This is the identical result obtained by the author and compares 
with Dinnick’s value of 9.45E/’/L?. It is evident that the labor 
of the above solution is negligible in comparison to the author’s 
method. 

FRANCIS V. WAGNER 
North American Aviation, Inc 


Dear Sir: 

While reading the very interesting paper—‘‘A Method for the 
Stress Analysis of Helicopter Blades,’’ Journal of the Aeronautical 
Sciences, April, 1946, by D. O. Dommasch, it occurred to me that 
it may be of interest in this connection to outline the procedure 
used by the Jet Helicopter Corporation, of New York, in pre 
liminary stressing of their fixed-blade .rotors. Although the 
solution found here is, in general, a roughly approximate one, 
nevertheless, because of its relative simplicity, the procedure 
itself seems to be useful, especially in the preliminary state of 
design when a quick though approximate answer is most de- 
sirable. If such an answer is not available at that time, the 
design engineer is delayed, or must fill the gap by ‘‘rule of thumb.”’ 

A number of characteristic stations of the blade are selected 
It is clear that the greater the number of stations used, the greater 
will be the accuracy of the result, but for the preliminary stressing 
even three properly selected points are sufficient. Let the 
characteristic stations be at distances 7, r2, and 7; from the rotor 
axis, and in the state of equilibrium let the values of 1//EI be 
u, v, and w, respectively (see Fig. 1). If at any station (at ry 
and r;, Fig. 1) a sudden change in the moment of inertia of the 
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blade section due to reinforcing cuffs, etc., is present, then a 
suitable coefficient (a, 8 in Fig. 1) should be introduced. This 
coefficient expresses the ratio of the moment of inertia of sections 
immediately outboard and inboard of the station in question. 
It is assumed next that in the state of equilibrium of the blade 
under loads the function M/EI (dy/dx = f{ (M/EI)dx, where y 
is the deflection of the blade neutral axis, and x is the distance 
from the rotor axis) varies linearly between any consecutive pair 
of the characteristic stations (Fig. 1). For fixed-blade rotors the 
rigidity of the hub is usually so great in comparison with the 
blade itself that it seems to be justified to consider that at the 
station zero M/EI = 0. 

Keeping these assumptions in mind and by using simple arith- 
metic and elementary calculus, there is no difficulty in expressing 
the deflection y of any point x of the blade neutral axis as a func- 
tion of the unknown 4, v, anti w. Between the particular pairs 
of characteristic stations the deflection y becomes: 

From 0 to 7; 


y = 1/6(x3/ri)u (1) 
From 1, to fe 


y= |! ei + 3/shi(x — n1) + 1/2(% — 11)? — (2/ehe) (x — 11)*]u + 
(1/ele) (x — 11)8v (2) 


From fz to fr; 


y = [oli + Vahl + 1/313 + ¥/ere(x — r2) Ju + [*/el2 + 
1/s]o(x% — 12) + '/ea(x — 12)? — (1/613) a(x — 72)3]v + 
("/els) B(x — r)w (3) 


From r; to % 


y = [olf + /abile + 1/313 + ¥/erals + V/ore(x — rs) Ju + [1/63 + 
'/abalg + 3/salg + ¥/2(le + als)(% — 15) Jv + [!/o815 + 
1/2Bl3(% — 13) + 1/2(*% — 13)? — (3/els) (x — 13)? ]w (4) 


The further procedure can be carried out through the following 
steps: (1) The whole blade is divided into a number of elements 
(say 10). (2) The weight and c.g. position of each element is 
estimated (74 is supposed to coincide with the c.g. of the last 
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element). (3) The centrifugal force produced by each element 
is computed. (4) Deflection of the blade neutral axis at the 
abscissae corresponding to the elements’ c.g.’s (x) are expressed 
in terms of u, v, and w with the help of Eqs. (1) to (4). (5) De- 
flection of the blade neutral axis at the characteristic stations is 
computed as in step (4). (6) The centrifugal force arms of differ- 
ent blade elements with respect to the c.g. of the characteristic 
sections are computed from steps (4) and (5), as well as on the 
basis of the blade geometry (e.g., preconing angle). (7) Sum of 
moments (due to the centrifugal force) about the neutral axis 
at the characteristic sections are found from steps (3) and (6). 
(8) Total bending moments M at the characteristic stations 
(r,, Y2, ¥3) are expressed by adding to the centrifugal force bending 
moments 2/,.1. the bending moments due to the aerodynamic 
loads (Ma), and subtracting the bending moments due to weight, 
or inertia forces Mw 

Hence, for the characteristic sections the following equations 
can be set up: 

El,,u = M4, oa = Mot. - Mw, 


El,v = My, + =Mes.. — Mw, 
7 2 2 1 


El,.w = M 4,, + DMe+t a.” Mw,, 

These are three simultaneous linear equations which can easily 
be solved for u, v, and w. Knowing u, v, and w there is no 
difficulty in computing the bending moment for any station of 
the blade. The bending moment found in this way will be, of 
course, an approximate one, but in special cases the accuracy 
may be improved by the following conditions: (1) The total 
bending moment at the characteristic stations is calculated from 
the known values of u, v, and w. (2) Some plausible shape of 
curve representing total bending moment as a function of x is 
drawn passing through the points calculated for 7, re, and 7;. 
(3) The moments of inertia of intermediate sections are modified 
to conform to the linear variation of M/EI originally assumed 
and when, of course, values of M are taken from the graph made 
in step (2). 

W. Z. STEPNIEWSKI 
Jet Helicopter Corporation 
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Jet Propulsion and Its Application to 
High-Speed Aircraft | 


D. J. KEIRN* ano D. R. SHOULTS?t 
Wright Field and Bell Aircraft Corporation 


INTRODUCTION 


ig PROPULSION as a new mode of aircraft propulsion 
has aroused general public and technical interest 
to a degree seldom reached by any technical achieve- 
ment. The explanation may lie in the simplicity of 
the principles and the apparatus involved, combined 
with a certain sense of the mysterious or, perhaps, lack 
of appreciation of Newton’s third law. Among scien- 
tists and engineers, jet propulsion is no novelty. Tech- 
nical and patent literature discloses able thinking on 
this subject for many years past.'* Why, then, did 
so many years elapse before jet propulsion was applied 
to aircraft? 

The authors believe the answer to this question is 
one of timeliness. As will be developed later, jet 
propulsion is of greatest value at high aircraft speeds, 
and until top speeds were pushed well over the 400 
m.p-h. value there was little need for or practicality 
in jet propulsion. Another factor often stated in the 
past is that metallurgical developments have just re- 
cently proceeded to the point where a practical gas 
turbine could be built to operate at the gas tempera- 
tures required. 

A third and highly important factor was the 
burning desire of Air Commodore Frank Whittle 
to produce such a device, and his imagination 
and design skill which, when applied to the problem, 
brought forth a practical lightweight power plant. 
Others working independently have achieved the same 
end but the incentive provided by Whittle’s work has 
unquestionably been important. 

There are many types of jet propulsion equipment 
but in this paper consideration will be limited to jet 
propulsion apparatus using the same atmospheric air 
for propulsion as for the thermal cycle and in 
which the gas-turbine-driven compressor supplies the 
major component of pressure for the thermodynamic 
cycle. 

Rocket propulsion and ram jets of the intermittent or 
continuous-flow types, although true examples of jet 
propulsion, will not be elaborated upon. 


Presented at a closed meeting of the Institute of the Aero- 
nautical Sciences, Hollywood, Calif., August 15, 1945. Released 
for publication February 25, 1946. 

* Colonel, Army Air Forces, Acting Chief—Power Plant Labo- 
ratory. 


t Vice-President—Engineering. 


EARLY DEVELOPMENT 


The circumstances surrounding the delivery of the 
first flight-tested engine of the Whittle design (Fig. 1) 
to the United States and the initiation of the project 
here have been related numerous times. The design 
experience and productive capacity of the General 
Electric turbosupercharger organization were applied 
to the problem of reproducing the British production 
design at the earliest moment. Numerous minor 
changes were made to adapt the product to United 
States factory practices but the fundamental design 
was unaltered. , Production proceeded rapidly and in 
slightly more than 6 months the first engine was placed 


on test. Following initial factory tests, certain design 





Photograph Courtesy of General Electric Company 
First flight-tested Whittle engine as received in the 
United States, October 4, 1941. 


Fic. 1. 





Photograph Courtesy of Gener=i Electric Company 
General Electric production design of turbojet engine 
used in the Bell P-59 interceptor fighter 


Fic. 2. 
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Fic. 3. The left-hand picture shows the XP-59A on the ground at the Muroc test base, and the right-hand picture shows the con- 
clusion of one of the early desert test flights of the first plane. 


modifications were required and accomplished prior 
to flight. : 

It was soon apparent that the design fell far short 
of its performance predictions and design revisions 
were made on both sides of the Atlantic, with close 
coordination through the A.A.F., the British Air Com- 
mission, and the Ministry of Aircraft Production. As 
experience was gained, both reliability and performance 
were improved until satisfactory flight articles were 
obtained (Fig. 2). 

Concurrent with the engine program at General 
Electric, the Bell Aircraft Corporation designed and 
built the first American jet airplane, the XP-59A, a 
twin-engined, high-altitude, interceptor-type fighter 
(Fig. 3). The light wing and span loadings of this 
airplane favored operation at levels above 40,000 ft. 
and also provided a maximum of safety for initial 
flights of these radically new power plants. 

Performance predictions for this aircraft were based 
on estimated design performance characteristics fur- 
nished from England in lieu of United States engine 
test data. Unfortunately, neither the original nor the 
later production engines produced the output predicted. 
It is possible today, however, with present design 
knowledge, to produce engines of approximately the 
original size and weight, capable of the original pre- 
dicted performance. 

Following the completion of the XP-59 airplanes, 
studies were completed at Bell for the A.A.F. relating 
absolute size of power plant and fighter aircraft to 
performance. From these studies it appeared that a 
power plant approximately two and one-half times 
the output of the original one would be most effective 
and still be within range of practical design. . This 
information materially influenced the decision to 
produce the larger new General Electric jet power 
plant. 

The trend toward larger engines was also noted in 
England, where numerous manufacturers were pushing 
the development of new projects., The Halford En- 
gine, one of the first successful large units, was used in 
this country to power the first XP-80 single-engined 
jet fighter. The production design of the P-80 used 
the large General Electric engine because of its greater 


output and its availability from United States pro- 
duction. 

Other engines and numerous airplanes have been 
projected in England and the United States. An- 
nouncement of these will be made in due course by the 
interested military service. 


THE JET PROPULSION SYSTEM 


In passing to the technical aspects of the jet pro- 
pulsion system, the single most important and basic 
consideration is that thrust or propulsive force is equal 
to the time rate of change of momentum of the pro- 
pelling gas stream. 


F = [d(M»v)|/dt (1) 
where 


F = force or propelling thrust 

M = mass of air or gas 

v = velocity of the gas with respect to the air- 

craft 
With steady flow where a weight flow of W, lbs. per 
sec. of gas is accelerated from a velocity of V to », ft. 
per sec. the thrust 
F = (W,/g)(v; — V) Ibs. (2) 

where the propulsion medium is the atmospheric air 
acted upon by the aircraft system V = aircraft veloc- 
ity = initial velocity of the air with respect to the 


aircraft. 


Il 


v; discharge velocity of the air stream or jet 
g = acceleration of gravity 
The power output of the propulsive system equals 
force times velocity 
(W,/g)(v; — V)V (3) 
The power input to the air stream is equal to the rate 
of increase of kinetic energy of the air stream. The 
initial kinetic energy rate is 
(W,/g)(V?/2) (4) 
The leaving energy rate is 


(W,/g)(v;?/2) (5) 
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The power added is then 
(W,/2g)(v;? — V?) (6) 


This power is added to the air or gas in the internal 
thermodynamic cycle and is applied to the aircraft 
propulsion as previously discussed. The efficiency 
with which this power is used, i.e., the propulsive 
efficiency 


output “< (Wa/g) (2 on Ee 


n = ———— 
” input (W,/g)(v;?7 — V?) - 
; (7) 
2) 2 
Tee Tey) 


This relation may be derived also by considering that 
the only propulsive power loss is that in the excess of 
velocity of the jet above the airplane velocity or, to 
state it differently, the velocity of the jet with respect 
to the ambient air. 


This velocity is v; — V and the energy loss is 
(W,/2g)(v; — V)? (8) 


The efficiency of propulsion is 


output 





output and loss 





(W,/2)(v,; ee V)V Sri 
(W./g)(vy — V)V + (W,/2g)(v; — V)? 


which also reduces to 





= - 


a= = _— = C se {'7) 
Np 1 + (,/V) (9) (7) 

With the assumption of jet velocity and W, as inde- 
pendent of airplane speed, we find by differential 
examination of Eq. (3) that maximum output occurs 
when v; = 2V; at this point », = 2/1 + 2 = ?/; = 
66.7 per cent. Maximum efficiency occurs when 
v; = V where output is zero. 

The assumption of constant maximum jet velocity 
and airflow for a given engine holds only approxi- 
mately as it is influenced by both ambient air tem- 
perature and the ram pressure rise resulting from the 
aircraft velocity. This approach does indicate that 
the propulsive efficiency may be relatively low where 
maximum output is striven for or approached. 

The momentum change resulting from the velocity 
increase of the propelling air stream is independent 
of the manner in which air stream is accelerated while 
under the influence of the propulsion equipment. 
The conventional Otto cycle engine driving a propeller 
extracts power from one stream of gas which is carried 
through the thermodynamic cycle and applies it to 
the acceleration of a second larger stream. In this 
case, the propulsive efficiency may be, and is usually, 
rather high as a large mass of air is accelerated only 
a small amount and the losses chargeable to residual 
velocity are low. The energy absorbed per mass 


unit of air is low, much lower than the energy pro- 
duced per mass unit of gas in the engine. The engine 
and propeller combination thus functions as a power 
converter transferring high level energy from a small 
flow of gas to a larger flow of air at lower energy level. 

If the energy available from the Otto cycle engine 
is used solely to produce a high jet velocity of the 
engine combustion gases, as in the Lcrin scheme of 
1908,' the propulsion efficiency will be low by reason 
of the great difference between jet velocity and airplane 
velocity. Furthermore, the output per unit of power 
plant size or weight will be low at all except extreme 
air speeds. 

The exhaust from such an engine is, however, an 
effective propulsion agent when properly employed, 
as is witnessed by the contribution made by the use of 
individual jet exhaust stacks on many present-day 
first-line fighter airplanes. Such utilization of the 
exhaust contributes a significant increase in ‘thrust 
with little addition in weight or complexity. 


TURBOJET ENGINE 


Effective use of the jet propulsion principle utilizing 
atmospheric air for the thermodynamic cycle and as 
the propulsive agent as well requires an engine capable 
of handling large flows of air but proportionately light 
in weight. The turbojet engine with turbine-driven 
centrifugal or axial flow compressor meets these re- 
auirements to a high degree. . Both turbine and com- 
pressor are well adapted to a high flow per unit of size 
and, fortunately, the turbine cycle temperatures for 
best overall (thermal times propulsive) efficiency is. 
much lower than the combustion temperatures in the 
reciprocating engine and well within the limit of opera- 
tion of a¥ailable turbine alloys. 


CONSTANT PRESSURE CYCLE 


Such an engine operates on the constant pressure 
cycle, with highly efficient adiabatic compression by 
ramming intake and compressor action, subsequent 
heating at constant pressure by burning with fuel in 
suitable combustion chambers, partial expansion 
through a turbine to generate sufficient shaft power to 
drive the compressor, and final expansion to atmos- 
pheric pressure with resulting high jet velocity. 

In making an exploratory energy analysis of any 
such specific cycle, certain conditions are either known 


or assumed. In general, these are 


Pam = ambient pressure 

Tam = ambient temperature (°F. abs.) 

V = true air speed 

“, = ram efficiency 

N- = compressor efficiency 

ps = compressor delivery pressure 

fs = turbine inlet pressure (less than p; by burner pressure 
drop) 

nm. = turbine efficiency 

™m == nozzle efficiency 
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T, = permissible turbine inlet temperature (°F. abs.) 
Cp = specific heat at constant pressure 

Cy = specific heat at constant volume 

k = ratio of specific heat = ¢p/cy 

J = = Joule’s constant 


Ram Intake 
The temperature rise by ram impact 
AT = T2 — Tam = V?/2gJep (10) 
where 7, = total temperature at compressor inlet. 


The isentropic pressure rise by ram impact may be 
calculated 


pe’ (k—1)/k 
( -) Ry 1 on gs T? r= Lom ae V?/2gI cy (11) 


Pam 
pe! V2 k/(k—1) 
pa’ _ pen Soe 12 
Pam ( na I —_ 


where p,’ is total ram pressure with isentropic com- 
pression. 
The ideal pressure rise 
Ap’ = p2’ ces Pam (13) 
The actual ram pressure p» will be less than 2’ and 
the actual ram pressure rise Ap less than Ap’ by reason 


of inlet losses. 
Ram efficiency 7, is defined 


A 2 — Pam \ 2/ am} ~~ 1 
ty = OP ae BT Bem, Lai Ben) (14) 
Ap p2 bi Pam (pe / Pam) a7 


The actual pressure ratio for an assumed efficiency 


Po... (ee ee tn +1 (15) 
Pam Pam 





Compressor 


The compressor pressure ratio is either known or 
assumed. 

The temperature rise (AZ) in compression is cal- 
culated 


io (k—1)/k 
AT compressor = 73 — 72 = 7 (2) a? 1| 
n. L\p2 
(16) 


where 7; and /p; are total temperature and pressure 
ccnditions at compressor discharge and 7, is the com- 
pressor efficiency. 

The compressor energy for each pound of air com- 
pressed 


= Cy(T3 — T») (17) 


Combustion 


The pressure drop in the combustion chamber may 
be a few per cent of the total pressure at that point. 
This is estimated or determined from test. The tur- 
bine inlet pressure, py, is consequently then known. 


The turbine inlet temperature, 7;, at the design 
point may be any selected value appropriate to the 
turbine stresses, materials available, and the life de- 
sired. 

The fuel-air ratio or the pounds of fuel per pound of 
air is determined knowing the combustion efficiency 
and lower heating value of the fuel: 
fuel _ Cp(Ts — Ts) 





air lower heating value X combustion efficiency 
(18) 


The total gas flow rate through the turbine is in- 
creased over the airflow rate through the compressor 
by the amount of fuel added. Thus, the gas flow is 


W, = [1 + (fuel/air)] W, (19) 


where W, = air flow in Ibs. per sec. and W, = gas 
flow in Ibs. per sec. 


Turbine 

In the ideal case the power developed by the turbine 
is equal to the power input to the compressor. Prac- 
tically, it must be greater by the amount of the bearing 
losses, accessory power and air leakage losses, all of 
which are of small magnitude. Neglecting these 
factors 

Turbine energy output = compressor energy input 

Cot( Ts _ T;)(1 + fuel, air) = Cy (Ts — T>2) (20) 
where 7; = turbine discharge temperature. 

The values of c, will vary with the temperature 
range, and the values of c, for the turbine (c,,) and 
compressor (c,,) above will not be identical or constant. 

The total available energy per pound of air in the 
expansion from p; to Pam 


/ (kK—1)/k __ F 
“ ey ae ‘|: + =) (21) 
(Ps/ Pam )' he air 


This is divided between the turbine and the jet energy. 


Nozzle 


The efficiency of the turbine may be defined as 


os. 
energy output 


total available energy — energy available to jet nozzle 


Thus, the energy available to nozzle = total available 
energy — turbine output + turbine efficiency 


™ (p / Owes ia ‘ l fuel +p. (13—T2) 
a enT| Pat ) \(k—-1)/k 1+ at. -3 
Ps/ Pam) air N1 


(99) 


The final kinetic energy of the jet will be less than 
the total available at the nozzle by reason of turbulence; 
therefore, a nozzle efficiency factor », must be con- 
sidered. 
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Diagram Courtesy of General Electric Company 
Fic. 4. Schematic arrangement of centrifugal compressor type 
turbojet engine. 


(1) Accessories fairing (11) Ignition plug 

(2) Accessories (12) Combustion chamber 
(3) Accessory gear drive (13) Turbine bearing 

(4) Front bearing (14) Turbine wheel 

(5) Mounting trunnions (15) Turbine nozzle 

(6) Compressor casing (16) Inner exhaust cone 
(7) Impeller (17) Strut ' 
(8) Balancing drum (18) Exhaust cone 

(9) Fuel manifold (19) Tailpipe 


(10) Burner tip (20) Final nozzle 


Thus, the energy in the jet 
= n, X energy available to jet (23) 


The jet velocity v; may now be determined by con- 
sidering 


2 





= = 7, X energy available to jet 
thus 
ie Oe . ~ one DE 
2gJ; tay Corl 4 es ae Xx 
/ Pam : 
v= : 


(3 4 ~) — &x(Ts — T2)\ 
air Nt 


In the original Whittle design and in designs with 
similar configuration this cycle has been effectively 
used in obtaining a high-flow, small, lightweight jet 
power plant (Fig. 4). 


(24) 


Operation 


The compressor is of a high-speed, single-stage, 
double-ended centrifugal type emphasizing high flow 
for a given size. The tip speed of the aluminum-alloy 
impeller is of the order of 1,500 ft. per sec. Tip speed 
is limited to some extent both by allowable stresses 
and by a rapid drop in efficiency as speed is increased 
beyond this value. At the present stage of the design 
art for this type of compressor, the design is sub- 
stantially optimum considering construction problems, 
size, weight, and performance. 

The diffuser section is divided into a number of 
individual channels, one leading to each of the cylin- 
drical combustion chambers. Streamlined turning 
vanes are employed to turn the tangential flow of air 
to an axial direction. The use of divided channels 
assists materially in stabilizing and equalizing the flow 
in the multiple combustion paths. 

The overall compressor efficiency is of the order of 
75 per cent at the design point, with compressor pressure 
ratio of from 3.5 to 4.0, depending upon inlet tempera- 
ture. 


The combustion chambers, consisting of tubular 
pressuretight outer cylinders with perforated inner 
coaxial cylinders, have presented some of the most 
difficult development and design problems. The rate 
of heat release per unit of volume and the shortness of 
the flame path are outstanding in comparison with 
other combustion equipment. The heat release may 
be as high as several million B.t.u. per hour for each 
cubic foot of combustion space. 

The incoming air enters the end of the chamber 
flowing in the annular space between the chamber 
and inner liner until it enters the flame chamber 
through the perforations in the liner. The fuel is 
sprayed into one end of the liner and combustion 
takes place within the liner, the hot gases exiting at a 
high velocity at the opposite end. The many small 
jets of air impinging on the flame create high turbulence, 
promote mixing of fuel and air, and thus complete the 
combustion with short flame length. 

Combustion chamber pressure drop is of the order. 
of 3-5 per cent of the total pressure. Combustion is 
substantially complete, the combustion efficiency gen- 
erally exceeding 98 per cent. 

The hot gas from the combustion chamber flows 
through the turbine nozzles, impinges on the buckets 
of the single-stage turbine wheel, and exits to the tail 
cone with a substantial axial velocity of the order of 
1,000/1,200 ft. per sec. This high exit velocity would 
incur a heavy penalty in efficiency were it not for the 
fact that the high-velocity gas stream is the end product 
of this power plant. It is thus important that the 
energy of the gas stream be conserved. Losses in total 
pressure head at this point give a significant decrease’ 
in performance. Bends or obstructions or excessively 
long tail pipes are to be avoided. 

Final expansion to atmospheric pressure takes place 
in the tail pipe nozzle with consequent increase in 
velocity. . 

Final jet velocities are of the order of 1,600 to 2,100 
ft. per sec. depending on ram and inlet temperature 
conditions. At the exhaust temperature prevailing the 
jet velocity varies from subsonic to supersonic. 

A typical cycle is shown in Fig. 5, a P-V diagram for 
operation at 20,000 ft. altitude, 500 m.p.h., and for 
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Fic. 5. Pressure volume diagram of typical thermal jet propul- 
sion cycle 
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Fic. 6. Relationship of gross thrust vs. a function of engine 
Mach Number for various pressure ratios. 
typical pressure ratios and efficiencies. Final jet 


velocity is 2,100 ft. per sec., with 42.5 lbs. thrust per 
Ib. airflow per sec. Specific fuel consumption is 1.1 
Ibs. per thrust hp.-hr. 
Specific Engine Performance 

The calculation of specific power-plant performance 
under various operating conditions is rather invclved 
and final solutions are questionable in absolute ac- 
curacy by reason of the numerous variable efficiency 
factors whose value must be estimated at each point. 
Experience has proved that the most. satisfactory 
method of presenting specific engine performance under 
a wide variety of conditions is to obtain a test-stand 
calibration of an engine under prevailing atmospheric 
conditions, reduce the performance to a standard set of 
conditions, and use suitable methods for extrapolaticn 
of performance to other ambient conditions. 

There are certain conditions imposed on the engine 
or determined by factors other than engine performance 


characteristics. These are: 


(a) Dimensions of the engine. 

(b) R.p.m. of the engine. 

(c) Inlet absolute pressure. 

(d) Inlet temperature. 

(e) Ram pressure ratio = compressor inlet total 
ambient (atmospheric) pressure. 





pressure + 


AERONAUTICAL SCIENCES—AUGUST, 


1946 


(f) Airplane speed. 
(g) Heating value of fuel. 


“When all of the foregoing conditions are determined 
by assumption or test, the dependent variables—(a) air 
mass flow, (b) fuel flow, and (c) gross and net thrust— 
may be determined by simple calculation from the 
performance curves. Figs. 6, 7, and 8 express, in 
per cent of standard atmosphere static sea-level rating, 
the relationship of gross thrust, airflow, and fuel flow 
with variations in engine speed, inlet temperature, 
inlet pressure, and ram pressure ratio. 

These curves express the characteristic variations 
of a particular engine but are typicai of many others 
in general trends and in effects of ram pressure ratio. 
Curves for a specific engine are most usefully presented 
with actual values of thrust, W, and W,, rather than 
percentage values as given herein. 

In calculating net thrust at operating speed JV the 
ram drag of the inlet airflow, as determined from Fig. 7, 
is subtracted from the gross thrust as obtained from 


Fig. 6 


Ram drag = V Ibs. (25) 


In the curves of Figs. 6, 7, and 8 the independent 


©7NV 518.4/T2, which has been derived by 


variable is 
dimensional analysis.'* This variable is a basic expres- 
sion directly proportional to Mach Number (since V is 


connotative of impeller tip speed and V F, defines the 
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Number for various pressure ratios. 
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speed of sound) which determines the operating point 
of all components of the power plant. Experience 
and analysis indicate that component part efficiencies 
are constant for fixed values of Mach Numbers and 
that pressure ratios and temperature ratios through- 
out the cycle are similarly determined when the 
Mach Number is determined. 

The dependent variables—thrust, airflow, and fuel 
flow, are influenced by ram pressure ratio, and for most 
convenient use performance curves for a number of 
pressure ratios are supplied. 

With Mach Number and ram pressure ratio estab- 
lished, gross thrust output is then finally determined 
as a direct function of atmospheric static pressure. 
Net thrust is then calculated by subtracting the ram 
drag for the given air flow. 

The airflow under particular operating conditions 
is determined by Fig. 7. This type of chart permits 
airflow to be calculated on the basis of known cperating 
Mach Number and ram pressure ratio. With these 
factors determined, the air flow (IV,,) is determined 
under conditions of standard atmospheric pressure. 
For conditions other than standard the flow is modified 
in direct ‘proportion to the variation of the ambient 
pressure and in inverse square root relation with the 
change in absolute temperature. 

The fuel flow is determined from a similar set of 
curves (Fig. 8). The fuel flow for conditions other 
than standard atmospheric conditions is modified in 
direct relation with the static pressure and inverse 
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Relationship of fuel flow vs. a function of engine Mach 
Number for various pressure ratios. 
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Fic. 9. Composite chart relating true air speed, per cent 
rated thrust, per cent fuel flow, per cent airflow, and fuel flow 
per mile (per cent W;/V) for a typical jet engine for standard 
atmospheric sea-level conditions, 85 per cent ram efficiency 
Superimposed is the drag polar of a typical high-speed jet-pro 
pelled airplane. 


relation with the square root of the absolute tem- 
perature. 

With these data, performance may be calculated 
under various altitude, temperature, speed, and ram 
conditions. In carrying out preliminary aircraft de- 
signs it is convenient to present performance as a func- 
tion only of aircraft speed for standard atmospheric 
conditions for each particular altitude using a fixed 
reasonable value of ram efficiency. 
entation of this type is given in Fig. 9, which shows 
the performance of a representative turbojet engine at 
sea level, standard pressure and temperature conditions 
for air speeds up to 600 m.p.h. The ordinate is the 
per cent of rated standard atmosphere static sea-level 
thrust. A series of thrust curves for 100, 95, 90, 80, 
and 70 per cent rated r.p.m. of the engine relate thrust 
to air speed and engine speed. Lines of constant air- 
flow, in per cent of rated static airflow, permit the 
determination of this quantity for any air speed and 
value of thrust. Similar lines of constant fuel flow 
permit this quantity to be equally ascertained. For 
convenience in estimating speeds for maximum range, 
lineg of constant fuel consumption per mile (W,/V) 
are superimposed on the chart. Such charts have been 


A typical pres- 
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prepared for a number of engines for each 5,000-ft. 
increment of altitude up to 50,000 ft. 

When the airplane drag characteristic is determined 
it may be superimposed on this chart in a suitable 
overlay and an immediate determination made of 
Vnaz-» fuel flow at any speed, and fuel consumption 
per mile at any speed. The point of tangency of the 
drag curve aad the lowest value of fuel consumption 
per mile shows most effective cruising point for maxi- 
mum range. A similar tangency of the drag curve to 
the fuel flow curve determines the point of maximum 
endurance. It will be noted that cruising speed for 
optimum range occurs at a speed considerably above 
that for minimum drag. 

A number of interesting points may be brought to 
light by a study of such charts, particularly in noting 
that the fuel flow for constant thrust increases only 
slowly as the air speed is increased, whereas the airflow 
through the engine increases somewhat more rapidly 
and the fuel flow per mile decreases fairly rapidly. 

Performance testing of jet engines under test cell 
conditions, while requiring reasonably elaborate appa- 
ratus, is not a difficult procedure. In general, the 
engine is:mounted on a suitable cradle, designed with 
the minimum fore-and-aft friction, the cradle being 
restrained by thrust measuring apparatus so that the 
full thrust of the engine may be directly determined. 

The airflow through the engine may be readily de- 
termined by measuring the airflow into the test chamber 
by suitable flow nozzles. Air leakage to the test 
chamber must be held to a low value. Fuel flow rates 
may be obtained from flowmeters or weighing appara- 
tus. Inlet air pressures and temperatures must be 
accurately determined, and it is particularly important 
to prevent recirculation of the air in the test chamber 
which might give unequal distribution in the com- 
pressor inlet. 

When the engines are installed in the airplane and 
operated under flight conditions, the aircraft manu- 
facturer will wish to determine thrust under actual 
operating conditions. Inasmuch as the forces due to 
ram drag appear partly on the inside of the nacelle 
structure and partly on the engine, a direct thrust 
measurement obtained from the engine support re- 
actions will not give true values of thrust output. The 
most practical method of determining thrust in flight 
is to make a direct meaSurement of the total momentum 
of the jet and subtract the ram drag.’ Such a measure- 
ment may be made in a variety of ways but, basically, 
it is necessary to determine only the average jet velocity 
and the gas flow rate through the jet nozzle. The 
determinations made in this connection are (a) area 
of the nozzle, (b) temperature of gas through the 
nozzle, (c) average velocity of gas through the nozzle, 
(d) pressure in the nozzle, and (e) ambient pressure. 

In many cases it may be expedient to measure these 
quantities directly; in other cases measurements of 
temperature and pressure may be made in the tail 
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pipe and the nozzle conditions calculated from the 
pressure ratio between the gas in the tail pipe and the 
static pressure at the discharge point. 

Jet thrust may be determined by this method under 
test-stand conditions, so that an opportunity is afforded 
to calibrate instrumentation and check the calculation 
method against the test stand thrust measurements. 

The thrust of the engine in flight may also be cal- 
culated using the method previously described for 
initial calculation performance. Inlet conditions of 
the compressor, including temperature, total pressure, 
ram pressure ratio, and engine and airplane speed, 
should, permit complete determination of net thrust 
of the unit. Fuel flow may be measured by flowmeter 
as a check against test stand conditions. This method 
is valuable as a check on the performance obtained by 
jet pipe survey. It has been determined, however, 
that the performance of the engines will vary over a 
period of time because of changes in combustion effi- 
ciency introduced by possible unbalance in fuel flow 
to the various combustion chambers, changes in sur- 
faces by dirt or oil deposits, and slight changes in 
contour of the combustion chamber liners, turbine 
nozzles, and turbine buckets. 

If the drag characteristics of the aircraft under test 
are determinable by glide test or full-scale wind-tunnel 
test, close correlation of thrust available and thrust 
required should be obtained. However, in making 
drag determinations of the aircraft it is difficult to 
ascertain the true value of external drag without normal 
airflow through the nacelle entrance and it is possible, 
also, that the wake from the jet nozzle may influence 
the drag over the aft part of the airplane. Much 
testing work remains to be done before full compre- 
hension of these factors can be achieved. 


FUTURE IMPROVEMENTS 


At this point it is in order to discuss possible future 
improvements for the jet propulsion cycle, particularly 
in view of the often stated thought that jet propulsion 
is now in its infancy and significant improvement in 
fuel consumption is all that is needed to make this 
system of propulsion universally practicable. 

In general, the factors affecting fuel consumption 
are compression ratio, maximum turbine inlet tem- 
perature, efficiency of the component parts of the 
engine, and the aircraft speed. 

Increases in aircraft speeds will undoubtedly be 
influenced by jet propulsion engine developments but, 
in the main, it is believed that significant increases 
above 600 m.p.h. will result chiefly from radically new 
concepts in aerodynamics applied to aircraft con- 
struction. It seems desirable, therefore, to determine 
future possibilities of turbojet engine improvement at 
speeds up to 600 m.p.h. 

Two factors determine the overall jet propulsion 
efficiency. The first is the thermodynamic efficiency 





thi 
tre 
rat 
col 
cie 
los 
sul 


Th 


pre 
tur 
tio: 
40, 
effi 
typ 
sho 
per 
rat 
by 
thi: 
at ; 
in ¢ 
] 
con 
of o 
the 
occ 
opti 
com 
nea: 
per 
S 
ing 
plot 
cons 
rela 
cien 
turk 
the 
opti 
cien 
inlet 
4 


relat 





m the 
nd the 


under 
torded 
ulation 
nts. 

de Cal- 
ed for 
ms of 
essure, 
speed, 
thrust 
ymeter 
1ethod 
ied by 
wever, 
ver a 
n effi- 
1 flow 
n sur- 
ges in 
urbine 


-r test 
tunnel 
thrust 
aking 
ult to 
jormal 
ssible, 
uence 
Much 
mpre- 


future 
ularly 
ulsion 
ont in 
e this 


yption 
tem- 
f the 


ly be 
; but, 
reases 
y new 

con- 
rmine 
nt at 


ilsion 
iency 





JET PROPULSION 419 


with which the energy in the fuel is converted to the 
kinetic energy of the exhaust gas stream. This is 
influenced by component part efficiencies, combustion 
temperatures, and compression ratios. The second 
factor is the propulsive efficiency, which is determined 
by the relationship of jet velocity to air velocity. 
Considering the large number of independent variable 
conditions, and the permutations and combinations of 
all these, it is difficult to either secure or present any 
accurate wide-range study. It is possible, however, 
to determine the major trends in efficiency by making 
a few assumptions. The authors have approached 
this problem with the thought of determining the major 
trends in efficiency considering variations in pressure 
ratio, turbine inlet temperature, and turbine and 
compressor efficiencies. Turbine and compressor effi- 
ciencies have been assumed to be of equal value and 
losses in the combustion chamber or tail pipe are as- 
sumed to be part of turbine or compressor losses. 


Thermal Efficiency 


A series of computations were made varying com- 
pression ratio and machine efficiencies for constant 
turbine inlet temperatures for sea-level static condi- 
tions and also for a flight condition of 600 m.p.h., 
40,000 ft., standard atmosphere, 85 per cent ram 
efficiency. These data were plotted as indicated 
typically by Fig. 10 for the sea-level static condition, 
showing thermal efficiency versus net thrust output 
per pound of air flow per second. For equal pressure 
ratio an increase in thermal efficiency is accompanied 
by an increase in thrust output, but in order to obtain 
this higher thermal efficiency at a higher thrust output 
at a given compression ratio, a corresponding increase 
in compressor and turbine efficiency is required. 

In examining Fig. 10 it will be noted that for a given 
constant compressor and turbine efficiency the point 
of operation for maximum thrust per unit of air flow and 
the point representing maximum thermal efficiency 
occur at nearly the same pressure ratio. A single 
optimum point may be picked on the curve of constant 
compressor and turbine efficiency which represents 
nearly the maximum thrust output per pound of air 
per second and also the maximum thermal efficiency. 

Such points selected from a series of charts for vary- 
ing temperatures and machine efficiencies may be 
plotted together as indicated in Fig. 11. Lines of 
constant compressor and turbine efficiency show the 
relationship of the compression ratio to thermal effi- 
ciency for these optimum points. Lines of constant 
turbine inlet temperature are superimposed to illustrate 
the point that as compression ratio is increased, the 
optimum thermal efficiency for a given machine effi- 
ciency is obtained with a rapidly increasing turbine 
inlet temperature. 

The foregoing charts for sea-level static conditions 
relate only to thermal efficiency—that is, the efficiency 
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THERMAL EFFICIENCY 


Fic. 10. Thrust output vs. thermal efficiency for various com- 
pression ratios under static sea-level standard atmospheric con- 
ditions and a constant 1,500°F. turbine inlet temperature 
Lines of constant required turbine and compressor efficiency are 
also shown. 


with which the energy in the fuel is converted to 
kinetic energy of the discharged gas. 


Overall Efficiency 


A similar set of information is displayed in Fig. 12, 
which relates overall efficiency to net thrust output 
per pound of air per second for high-speed, high-altitude 
flight at 600 m.p.h., 40,000 ft., under standard atmos- 
pheric conditions and assuming an 85 per cent ram 
efficiency. A series of optimum points is selected as 
indicated in the figure and these points are summarized 
in Fig. 13, which compares compression ratio with 
optimum output per pound of air per second, and in 
Fig. 14, which compares compression ratio with opti- 
mum overall thrust horsepower efficiency. 

It will be seen that with these optimum conditions, 
and with a constant machine efficiency, output is 
relatively sensitive to variations in compression ratio, 
but that if compressicn ratio is increased turbine inlet 
temperature must be correspondingly increased to 
maintain the optimum output. 

In considering, in Fig. 14, the relation of compression 
ratio to thrust efficiency (which includes both thermal 
efficiency and propulsive efficiency), several observa- 
tions may be made: 
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COMPRESSION RATIO 


Fic. 11. Relationship of optimum thermal cycle efficiencies 
vs. compression ratio for static sea-level standard atmospheric 
conditions. Per cent curves represent performance for stated 
value of compressor and turbine efficiency (no other losses). 
Temperature curves show related turbine inlet temperatures 
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ratio for 600 m.p.h. 40,000 ft. standard atmospheric conditions. 
Per cent curves represent performance for stated value of com- conditions. Per cent curves represent performance for stated and 
pressor and turbine efficiency and 85 per cent ram efficiency (no value of compressor and turbine efficiencies and 85 per cent ram 
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(a) For a constant compression ratio the higher 
value of machine efficiency results in a higher value 
of thrust efficiency. It should be noted, however, 
that this is accompanied by a substantial decrease 
in turbine inlet temperature. It should also be 
borne in mind from reference to Figs. 12a, 12b, 12c, 
and 12d, that, for a constant value of turbine inlet 
temperature and for constant compression ratios, 
a higher machine efficiency gives both a higher output 
and a greater cverall efficiency. 

(b) The most significant increase in thrust effi- 
ciency is obtainable by increase of machine efficiency. 
Increase in temperature or compression ratio serves 
mainly to increase the specific output. This condi- 
tion will serve as a challenge to engine designers to 
find ways of increasing machine efficiencies. 


These conditions may be examined from a different 
set of charts shown in Figs. 15 and 16, which, for sea 
level and 40,000 ft., relate compression ratio to the 
minimum specific fuel consumption in pounds of fuel 
per hour per pound of thrust at various air speeds from 
0to 600 m.p.h. These curves show, as did the previous 
ones, that as compression ratio is increased with con- 
stant machine efficiency, the turbine inlet temperature 
for best specific fuel consumption must also be increased. 

It should be borne in mind in studying these curves, 
as well as the previous ones, that they do not represent 
performance of a particular machine but are rather a 
summarization of the optimum relationships existing 
in a series of machines at particular points giving 
efficiency and temperature conditions specified. 

All of the foregoing studies show a gain, particularly 
at high speed, by increasing the pressure ratio from 
the present prevalent value of approximately 4 or 5 
to 1 to values as high as 10 or 20 to 1. The percentage 
fuel consumption decrease may not be adequate to 
compensate for increased power-plant weight and size 
required by the high compression ratio. It should 
also be considered that from a design standpoint it 
may be difficult to maintain component part effi- 
ciencies at higher compression ratios. 

From studies such as these, the authors conclude 
that reductions in fuel consumption can and will be 
made as component part efficiencies are impreved and 
it becomes possible to make moderate increases in 
compression ratio without undue weight or efficiency 
penalties. 


Turbojet Power Plant 


Thus far the cycle considered has been a basic one 
without intercooling during compression, heat transfer 
following compression, or reheating during expansion. 
Others?*. §. 1 have studied the possibilities of the 
gas turbine in this connection in considerable detail 
and have shown significant reductions in fuel con- 
sumption by taking advantage of such cycle variations. 
In studying these variations for application to high- 
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Fic. 15. Minimum obtainable specific fuel consumption vs. 
compression ratio for 80 per cent turbine and compressor ef- 
ficiency and 85 per cent ram efficiency (no other losses) at various 
air speeds, and showing resulting turbine inlet temperatures. 
Sea-level standard atmospheric conditions 
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Fic. 16. Minimum obtainable specific fuel consumption vs. 
compression ratio for 80 per cent turbine and compressor ef- 
ficiency and 85 per cent ram efficiency (no other losses) at various 
air speeds, and showing resulting turbine inlet temperatures. 
40,000 ft. standard atmospheric conditions. 


speed aircraft it has thus far not appeared practical 
to add them to the aircraft jet power plant. The 
turbojet power plant has been most attractive for 
aircraft use by reasons of its light weight, small size, 
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and general simplicity. The addition of heat exchang- 
ers of significant size seems to incur serious installation 
penalties besides the fact that pressure drops in heat 
exchangers of practical configuration or size would 
significantly reduce the theoretical gain in efficiency. 

In making a practical selection of compression ratio 
and operating temperature for a turbojet power plant, 
consideration must be given to the use in the airplane; 
that is, whether the airplane will operate a significant 
portion of the time at extreme altitudes and whether 
range is a more important consideration than is maxi- 
mum output per unit of size or weight. In general, 
in most of the presently available power plants, the 
design has been balanced to give a minimum take-off 
weight of airplane, including power plant and fuel, for 
full power flight durations of from 1 to 2 hours at alti- 
tudes above 25,000 ft. 


Augmentation of Thrust 


The all-jet-propelled airplanes will have a different 
and larger proportion of fuel in comparison with power 
plant and total airplane weight than have present 
conventional planes. The maximum fuel carried is 
limited by considerations of take-off run and initial 
climb; consequently, means of augmenting the present 
maximum thrust output at low speeds and low altitudes 
are of importance in new aircraft design. 

A number of different possibilities of augmenting 
the thrust have been, or are being, investigated but at 
the present date none of them appear more attractive 
than does a mere increase in proportion of power- 
plant installation—that is, adding further power-plant 
capacity that is usable or required only at takeoff or 
climb. This imposes the requirement that the power- 
plant installation operate at high efficiency at a lower 
percentage of maximum output. This requirement 
may be a ruling factor in determining the design rela- 
tionships in the machines. 

One of the first augmentation possibilities studied 
was that of inducing an additional flow of air through 
the propelling nozzle using the high velocity jet as an 
injector. Theoretical studies and test-stand results 
show that low-speed thrust outputs may be increased 
in the order of 15 to 20 per cent in this manner. The 
same configuration results in no significant increase 
in thrust at high airplane speeds; in fact, at present 
obtainable speeds it may actually result in loss of thrust. 
There has been no practical method developed to date 
which would permit flow augmentation at low speed 
which would not adversely affect the high-speed drag 
of the airplane. tus 

There remains the possibility that the tremendous 
pumping action of the high-speed jet may be profitably 
employed for boundary layer control to obtain high 
lift coefficients valuable in shortening the take-off run. 
Absorption of the boundary layer over wing or fuselage 
into the jet stream may possibly be made in high-speed 
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cruising as a means of bettering the fuel consumption 
for long flights. Use of boundary layer for compressor 
air supply operates adversely on the thrust available 
but favorably with regard to specific fuel consumption, 
for under this condition the gross thrust, although 
reduced in magnitude, is the net thrust from an effi- 
ciency standpoint, the boundary layer having been 
already inevitably accelerated to aircraft velocity. 

“Cooling of the inlet air by evaporation of fluids in- 
jected into the compressor has been suggested and 
studied as a means of augmentation. Fluids such as 
water, ammonia, liquid air, liquid ammonia, and the 
hydrocarbon fuel being used, all have possibilities, 
If evaporation takes place prior to compression, the 
advantage gained by more efficient compression of the 
lower temperature air is partially offset by the require- 
ment for compression of the added vapor. Water 
with its high heat of vaporization might be attractive 
except for the attendant problem of freezing. In- 
jection of ammonia or other fuel may add explosive 
hazard. In any event, the power plant is made more 
complex, the power-plant control problem is made 
more difficult, and provisions must be made for carry- 
ing the secondary fluid. The flow rates will be high, 
so that such a method is practical only for snort periods 
of time, such as at take-off. 

The third possibility in augmentation is to burn 
additional fuel in the gas stream between the turbine 
and the propelling nozzle. This method has attractive 
theoretical possibilities but some extremely practical 
disadvantages. In order to efficiently add heat at 
this point the total pressure head must be essentially 
static, which requires either a low exit velocity tur- 
bine or an efficient diffusion aft of the turbine. Com- 
bustion must be carried out with low pressure drop 
and with shcrt flame length, and experiments thus 
far conducted have not been markedly successful in 
either particular. Further development and experi- 
mentation in this connection should be carried out 
since it is believed that there is a significant possibility 
of practical success. 


Higher Powered Engines 

Conjecture about the future of jet-propelled aircraft 
almost inevitably leads to consideration of higher and 
higher power engines. As mentioned earlier, outputs 
have increased approximately two and one-half times 
in the last 3 years. As airplane studies have pro- 
gressed to where consideration is given to large, long- 
range, jet-propelled airplanes, it appears that still 
higher powered units could be used to advantage. 
Thus far, increases in size have been accomplished 
with little significant increase in specific weight, al- 
though such power plants should theoretically obey 
the three-halves power law; that is, the weight should 
increase as the cube of any principal dimension while 
output increases only as the square. It is fortunate 
however, that these power plants, like airplanes, do 
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not rigorously follow such a law. As engines are made 
larger, many of the parts, which were originally se- 
lected for sturdiness rather than actual strength, 
increase in weight only slightly. Some design modi- 
fications may be made which are practical only in larger 
sizes, all of which compensate for the more or less 
inevitable increase in specific weight of the main rotat- 
ing parts. 

At the present time it is believed that the maximum 
effective size of machine that could be built depends 
primarily upon the manufacturers’ ability to secure 
sufficiently large turbine wheel forgings with suitable 
properties and not upon the adverse operation of the 
three-halves power law. 


Design 

In the past 3 years jet propulsion has exerted a pro- 
found influence on new aircraft design and it is evident 
that in the future aircraft design will be even more 
influenced by such characteristics. At constant thrust 
both horsepower output and imiles traveled per unit of 
fuel consumed increased in almost direct ratio to the 
aircraft speed. Consequently, the parasitic component 
of drag should be minimized by every practical design 
expedient. Cleanliness of shape or contour is the first 
requisite of a successful jet-propelled aircraft. 

The high powers available in small packages with 
turbojet engines permit the design and construction 
of airplanes with performance nearing sonic velocity. 
In several airplanes flying today compressibility is the 
essential factor determining maximum velocity. For 


- the first time in aircraft history problems of aero- 


dynamics rather than power-plant availability deter- 
mine the maximum performance. 

With the turbojet power plant the altitude-power 
characteristic is more favorable to operation at high 
altitudes than for conventional power plants. The 
lower temperatures at high altitude result in higher 
thermodynamic efficiency and, as the power available 
does not decrease in proportion to the decreased density 
ratio (Fig. 17), speeds, unless limited by compressi- 
bility, will be higher at altitude than at sea level. 
Maximum range of a jet-propelled plane occurs at an 
altitude only slightly lower than the ceiling under any 
particular loading condition. Maximum range also 
occurs at an air speed much nearer the maximum than 
is the case in conventional powered planes. These 
two factors will undoubtedly operate to the end that 
future jet-propelled bomber or transport airplanes 
will be of the stratosphere type with supercharged 
cabins. Cabin supercharging will be somewhat less 
of a problem than with other types of power plants 
since the required amount of air may be taken from 
the compressor, where it is available after compression 
at high efficiency. 

Much research and design work remains to be done to 
determine the optimum power-plant location within 
the airplane to obtain best ram efficiency and to mini- 
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mize tail pipe losses, and also to achieve minimum 
external drag with the large variations of flow through 
the internal flow system. As previously mentioned, 
large airflows carried through the turbojet plants may 
prove advantageous in the utilization of boundary layer 
for high lift or to decrease cruising specific fuel con- 
sumption. 

The jet propulsion power plant need not be limited 
in its operation to high-altitude travel for it is possible 
that short-range, high-speed operations at low altitudes 
will also be attractive. Fuel consumption, although 
greater in amount, will not necessarily be more costly, 
and for short-range missions pay load carried per day 
may be greater with jet propulsion than with propeller- 
powered airplanes. In order to realize this objective 
with the jet-propelled airplane, significant design modi- 
fications and operating procedures must be made. 
Cruising speeds will be much higher and flight control 
must be more rigorous. Radar and radio aids must 
be found to eliminate the necessity for alternate air- 
ports of destination. In general, the entire present 
conception of flight must be revised to achieve 
maximum benefit from the jet propulsion _prin- 
ciple. 


CONCLUSION 


The authors have attempted herein to cover some- 
what broadly many of the technical and practical 
aspects of this exciting new field. Much of the in- 
formation presented is already known to aircraft de- 
signers working on such projects and is summarized 
partially with the hope of stimulating discussion on 
some of the interesting or possibly controversial points. 
Many engineers, both in this country and in England, 
have contributed to the fund of information, and it is 
at this time almost impossible to single out the con- 
tributions made by specific individuals. It is hoped 
that as secrecy becomes less important and restrictions 
less stringent, many of the technical phases of the 
problem may be treated openly and in greater detail. 
The numerous problems remaining to be solved will 
serve as a challenge to aeronautical engineers for many 
years. 
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Comparison of Propeller and Reaction- 
Propelled Airplane Performances 


BENSON HAMLIN* ann F. SPENCELEY?t 
Bell Aircraft Corporation 


INTRODUCTION 


OINCIDENT WITH the development of successful tur- 
bojet power plants for aircraft, a broad new field 
of propulsion has come to light. Power-plant research 
and development has progressed so rapidly that a wide 
choice of power plants is now available to the aircraft 
manufacturer, who as yet has had little opportunity to 
demonstrate the practical applications. The purpose 
of this paper is to evaluate the airplane-performance 
potentialities of four types of widely differing power 
plants and to indicate their trends and particular fields 
of application. 
‘ Conventional power plants of the reciprocating, in- 
ternal-combustion type, both direct and indirect air- 
cooled, have been extended to compounding with a gas- 
turbine wheel operated by the normal exhaust gases and 
delivering the power thus generated back into the 
crankshaft. The independent gas turbine is also. avail- 
able for use in conjunction with the propeller, in which 
case approximately 80 per cent of the energy in the 
gases is absorbed by the turbine to drive the propeller 
and the remainder is utilized in the form of reaction 
propulsion. Air-stream engines include the turbojet, 
reso-jet (or intermittent duct), and the ram-jet (or ath- 
odyd), all of which are reaction motors depending upon 
atmospheric air supply. A third classification of avail- 
able power plants consists of dry or liquid-fuel types of 
rocket motors, which are distinguished principally by 
the fact that atmospheric oxygen is not used for combus- 
tion as in the case of other power plants. 

For this paper four power plants having distinctly 
different performance characteristics have been chosen: 
(1) a V-type, reciprocating, liquid-cooled engine em- 
ploying water injection for emergency power; (2) a 
turbojet engine having about 23 per cent less sea- 
level static thrust than the former; (3) a hypothetical 
subsonic ram-jet; and (4) a bipropellant liquid-fuel 
rocket motor. For brevity, these power plants will be 
referred to as propeller, turbojet, ram-jet and rocket, 
respectively. 

Because these power plants differ so radically in per- 
formance characteristics, it is difficult to determine a 
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sound basis for comparison. It has therefore been de- 
cided to design a single-engined, single-place fighter or 
pursuit type airplane employing each type of power 
plant and limiting the size to some reasonable weight, 
say less than 14,000 Ibs. It is felt that the results sub- 
mitted, together with the analysis presented, offer suf- 
ficient justification for classifying these types of power 
plants in specialized categories in which they excel. 
Thus, if a particular type of engine shows outstanding 
merit in a high-altitude and high-speed performance for 
a fighter, similar reasoning may be judiciously applied 
in considering other aircraft types. 

The text is divided into three parts. Part A compares 
the various types of engines independently of airplane 
characteristics insofar as possible. Part B briefly de- 
scribes a logical and practicable airplane design configur- 
ation for each power plant. In Part C, the results of 
the airplane performance characteristics are presented 
from which comparisons and conclusions may be ad- 
vanced. 


Part A—POWER-PLANT CHARACTERISTICS 


(1) Reciprocating Engine and Propeller 


A typical high-performance engine employing water 
injection is assumed, which delivers 2,000 b.hp. for 
take-off, the power varying linearly with density to 
1,700 b.hp. at an engine critical altitude of 20,000 ft. 
Typical propulsive efficiencies have been used in con- 
verting power to available thrust in order to afford a 
direct comparison with the other types of power plants 
in which thrust is the fundamental consideration. Ex- 
haust jet thrust has also been included. 

The gas turbine driving a propeller has not been con- 
sidered because the differences when compared to the 
remaining three power plants are not radically different 
from those of the reciprocating engine. Specific engine 
weight and size are improved, but fuel consumption 
will be -increased in comparison to reciprocating en- 
gines. Also, the propeller itself imposes a definite lim- 
itation on maximum speed. Both the gas turbine and 
compound engine may be considered to be alternate 
developments in relation to propeller-driven airplanes. 


(2) Turbojet Engine 
The turbojet engine selected is typical of the single- 
stage centrifugal blower type employed in a number of 
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aircraft. Performance characteristics represent those 
already attainable at the present state of development. 


(3) Ram-Jet Engine 


Of the four power plants considered, the ram-jet rep-, 


resents the only hypothetical design under consider- 
ation, it being the only type of propulsion not actually 
known to exist as a flight article. Asa basis for the the- 
oretical engine performance, the analysis presented in 
reference 1 is used herein. This type of power plant 
will not operate at zero air speed, and consequently 
cannot take off. Auxiliary take-off means are assumed 
to launch the airplane and accelerate to a flight speed 
of 350 m.p.h., at which time the ram-jet is started. 
Since no logical engine output rating exists in this case, 
a unit of a size suitable for a 10,000-Ib. fighter is as- 
sumed. 

Combustion temperatures of the order of 3,000°F. 
are assumed to be structurally possible since moving 
parts do not exist to complicate the problem. Success- 
ful operation in this regime has been demonstrated. 
Already turbine buckets are operating in a 1,500°F. gas 
temperature. Kerosene fuel to the engine is provided 
by a turbine-driven fuel pump. 


(4) Rocket Motor 


The rocket motor, being small and light, has been 
chosen as a 9,000-Ib. thrust unit, which takes advantage 
of a high thrust output without presenting impractical 
arrangement or installation problems. An example of 
actual application is the well-known German Me 163. 
For practical reasons an existing type of rocket motor 
using a bipropellant fuel system has been chosen, leav- 
ing room for considerable improvement with further 
research in the relatively near future. 

The problem of supplying the fuel and oxidizer to the 
motor at high pressure is solved by turbine-operated 
pumps using the same propellants for power. 


(5) Maximum Thrust Available (Figs. la-Ic) 


Immediately apparent is the fact that the conven- 
tionally powered airplane will have the lowest maximum 
speed at all altitudes and, also, that it is essentially a 
low-altitude power plant. Obviously, the ceiling of 
this airplane will be inferior. Furthermore, the maxi- 
mum speed limitation is absolute as indicated by the 
fact that above 600 m.p.h. the propulsive efficiency 
limitation due to compressibility effects causes the 
thrust available to practically vanish. The slope of the 
curve indicates good acceleration characteristics in 
level flight below maximum speed and also that climb 
characteristics will be relatively good. 

Considering the rocket airplane, maximum perform- 
ance is obviously superior under all conditions. Inas- 
much as atmospheric pressure variation is but a small 
percentage of the motor chamber pressure, the small 
variation in thrust with altitude has been neglected. 
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Air speed has no-effect upon thrust output. At low al- 
titudes only does the ram-jet offer competition in avail- 
able thrust, but this is offset by the fact that airplane 
drag at high air densities is also extremely high. Out- 
standing is the rocket’s complete superiority in perform- 
ance at high altitudes where airplane drag is greatly 
reduced. Thus, high-altitude speeds will necessarily be 
outstanding as will also the high rate of climb at all al- 
titudes. 

Relatively constant thrust with speed variation is 
also apparent for the turbojet. In this case output 
suffers considerably with altitude, but maximum speed 
performance compared to the propeller-driven airplane 
affords a sharp contrast. 

From the standpoint of self-sufficiency, the ram-jet 
is the least desirable since an auxiliary means of pro- 
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pulsion is required for take-off. Although thrust varies 
roughly as the velocity to the 2.0 to 2.5 power, it falls 
off with atmospheric density. In other words, thrust 
is a direct function of differential pressure, which, in 
turn, is determined by the airplane drag characteris- 
tics. This results in a relatively low airplane ceiling 
but an excellent maximum speed at sea level where the 
air forces become prohibitive for sonic air speeds. Loss 
of energy due to shock waves in the duct entrance has 
been taken into account. 


(6) Specific Engine Weight (Fig. 2) 


Important in the airplane design configuration is the 
power-plant installation weight. For comparison, the 
complete power-plant weight, exclusive of fuel supply 
system, per unit of maximum available thrust, is pre- 
sented in Fig. 2 (see also Section 9). When the recipro- 
cating engine is used for high-altitude operation it be- 
comes an extremely complicated and heavy power 
plant; in fact, beyond 40,000 ft. it becomes prohib- 
itively so. Also, the improvement in specific engine 
weight with decreasing air speed and altitude again 
classifies propeller propulsion as best suited for relatively 
low air speeds and altitudes. Even when compared at 
low altitudes, the reciprocating power-plant dry weight 
is some 20 times as heavy as the rocket motor. 


The turbojet offers a considerable improvement in 
engine weight which will probably continue to be im- 
proved. Again, with increasing altitude specific engine 
weight increases, but not to the prohibitive degree evi- 
denced by the propeller type- Also, contrary to the 
propeller type, specific weight improves at the higher 
air speeds, which emphasizes the practicability of higher 
air speeds. 
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Considering the ram-jet, its design depends to a 
large extent on both speed and altitude. Marked im- 
provement obtains at higher air speeds, and, when con- 
sidering the reduction of thrust with altitude, it tends 
to become bulky and heavy for high-powered, high- 
altitude application. Apparently, the ram-jet is a me- 
dium-low-altitude, high-speed type of power plant. 

Simplest of all is the rocket, which again makes no 
compromise for air speed or altitude variation. In 
terms of specific power plant weight it is unexcelled. 


(7) Specific Fuel Consumption (S.F.C.) at Maximum 
Continuous Thrust (Fig. 3) 


The propeller-type power plant offers a large saving 
in fuel, especially at the lower air speeds, as evidenced 
by its specific fuel consumptien at maximum continuous 
thrust rating. At speeds exceeding 500 m.p.h. this fuel 
consumption would become greater than that of the 
turbojet. However, employing this thrust rating, 
speeds much in excess of 400 m.p.h. are not obtainable. 
Curves for both the propeller and turbojet are based 
upon maximum continuous available thrust, which, un- 
like the ram-jet and rocket, are less than the maximum 
available as shown in Fig. 1. Specific fuel consumption 
at maximum continuous thrust for the turbojet does 
not vary significantly with air speed and improves ap- 
preciably at the higher altitudes. 

In the case of the ram-jet, an entirely different vari- 
ation is found. Here, efficient operation is decidedly 
improved at extremely high speeds, in the region of 
Mach Number = 1.0, while at lower air speeds the fuel 
consumption is prohibitively high, and, as seen from 
Fig. 1, the maximum thrust available at low air speeds 
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is exceedingly small. Again, the ram-jet clearly be- 
longs to the extremely high-speed regime. 

As usual, the rocket is not influenced by speed or al- 
titude, resulting in a constant, but high, specific fuel 
consumption, since the oxygen to support combustion 
must be included. 

Selecting S.F.C. values, (Ib. fuel/lb. thrust times 
hours), maximum continuous thrust operation for each 
power plant results in the following comparison: 


S.F.C. at Maximum Continuous Thrust 


Sea Level 20,000 Ft. 


Power Plant Actual Relative Air Speed Actual Relative Air Speed 


Propeller 0.56 1.0 300 0.71 1.0 375 
Turbojet 1.72 3.1 520 1.46 2.1 520 
Ram-jet 5.10 9.1 650 5.15 7.2 590 
Rocket 18.75 33.5 675 18.75 26.4 685 


Air speeds corresponding to the four airplanes are 
included in the table as a matter of interest. A consid- 
erable improvement in efficiency at the higher altitude 
is noted for the last three power plants compared to the 
propeller and the price that must be paid for increasing 
air speeds above 500 m.p.h. is painfully evident. 


(8) Variation of S.F.C. with Reduced Thrust (Fig. 4) 


Comparison of specific fuel consumption at various 
level flight speeds is not possible without considering 
airplane characteristics, because the thrust required de- 
pends directly upon the airplane drag. Therefore, the 
curves drawn in Fig. 4 necessarily coincide with the 
particular airplanes to be considered later but the gen- 
eral trends and comparisons are valid in other appli- 
cations. 
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Obviously, the best range performer is the propeller, 
which, at low thrusts, may be operated on a lean mix- 
ture. Here the variables, engine r.p.m., manifold pres- 
sure, degree of supercharging, fuel mixture setting, and 
engine operating temperatures must all be carefully 
controlled in order to obtain maximum economy. Nevy- 
ertheless, a reduction in S.F.C. of the order of 50 per 
cent from that at maximum continuous power repre- 
sents a decided saving. Based on both Figs. 3 
and 4, the propeller has no serious competitor for 
maximum range or endurance at moderately low air 
speeds. 

Unlike the propeller, the turbojet evidences a loss in 
economy when operating at lower than maximum out- 
put, representing about a 10 per cent increase in S.F.C. 
for cruising conditions. Cruising S.F.C. is better at 
high altitudes than at low levels in all cases with the 
exception of the rocket. 

An appreciable improvement in economy of the ram- 
jet at cruising speeds is shown tending to offset its dis- 
advantage when compared to the turbojet at high speed. 
Maximum thrust and the corresponding S.F.C. are 
necessarily established as those produced at the maxi- 
mum speed of the airplane. 

The rocket, as always, appears as the only power 
plant whose characteristics are independent of its appli- 
cation. In this respect, however, the individual rocket 
motor units are operated at their maximum efficiency 
conditions dictated by design. In other words, a 
selected number and size of individual rocket 
motors are chosen so that thrust available exists in 
steps according to the motors selected during opera- 
tion. 

Having analyzed the airplane range characteristics, 
the following table comparing the S.F.C.’s for condi- 
tions of maximum range is obtained: 


S.F.C. at Economical Cruising Conditions 


Sea Level 20,000 Ft. 


—— —— 


Actual Relative Air Speed Actual Relative Air Speed 
75 0.32 1.0 225 


Power Plant 


Propeller 0.28 1.0 175 

Turbojet 2.18 7.8 325 1.66 5.1 365 

Ram-jet 4.70 16.8 535 4.43 13.7 500 
15 18.75 58.0 425 


Rocket 


18.75 67.0 41 





The influence of part thrust S.F.C. variation from 
Fig. 4 is clearly seen. For instance, the opposite cruis- 
ing trends shown for the turbojet and the propeller in- 
crease their relative specific fuel consumptions from 2 
or 3 to 1 at maximum continuous thrust to 5 to 8 to 1 
at optimum cruising thrust. 

Here again, the fact that an enormous sacrifice in 
economy accompanies premium performance, that is 
high cruising speeds, is emphasized. Ridiculous com- 
parative S.F.C.’s and cruising speeds for the rocket 
seem to eliminate this power plant from any consider- 
ation involving economical operation. 
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(9) Power Plant Plus Fuel Weight (Fig. 5) 


Fig. 5 is a plot of power-plant weight plus fuel weight, 
excluding fuel tanks, taken at maximum continuous 
rating versus duration. Weights of power plant are as- 
sumed as follows: 


Propeller Turbojet Ram-Jet Rocket 


Motor + controls and plumbing 1,900 2,000 550 450 
Cooling system + coolants 450 0 0 0 
Propeller 500 0 0 0 
Turbine and pumps 0 0 150 225 

Total, Ibs. 2,850 2,000 700 675 








For the rocket motor the power plant plus fuel 
weight is startling, being 10,000 Ibs. for less that 4 min. 
duration, with no weight allowance for fuel tankage. 
However, when the vastly superior thrust rating is con- 
sidered the picture improves somewhat. 

Investigations have revealed clearly the fact that for 
any given airplane and gross weight, the minimum 
pounds of fuel expended per 1,000 ft. of altitude gained 
in climbing always occurs at the maximum available 
thrust. This phenomenon is valid irrespective of 
compressibility drag increases. Consequently, an 
extremely high thrust rocket compared to the other 
power plants has been chosen because it is practi- 
cal to do so in this case where the power-plant specific 
weight is small. The tremendous amount of energy 
available in an extremely short period of time provides 
dazzling performance for a decidedly limited duration. 
Even under maximum range operating conditions at 
vastly reduced thrust the high S.F.C. still obtaining 
irrevocably limits range and endurance. The only pos- 
sible recourse would be some means of launching or com- 
mencing rocket flight at high altitudes where ex- 
ceptionally high air speeds will offset the high rate 
of fuel consumption. Thus, , rocket-powered flight 
in the present instance is considerably limited in 
range. 

Next comes the ram-jet, in which case the fuel con- 
sumption depends directly upon speed and altitude. 
Assuming a maximum speed of 700 m.p.h. at sea level 
and 550 m.p.h. at 30,000 ft., it is apparent that at low 
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altitudes a substantial, though not large, improvement 
over the rocket obtains. At altitude, the fuel consump- 
tion is not a great deal more than the propeller or turbo- 
jet-propelled airplanes. In this case 10,000 Ibs. of power 
plant plus fuel results in a practical average duration of 
30 min. Generally, it may be concluded from the figure 
that the ram-jet is suitable for relatively high maximum 
speeds at medium to low altitudes for relatively short 
duration. 

By virtue of a lower power-plant weight the turbo- 
jet excels over the propeller up to 15 min. at sea level 
and 30 min. at 30,000 ft., after which the propeller takes 
over. Considering the decided advantage of speed for 
the former, it may be generalized that for excellent 
high-speed performance at all altitudes up to 40,000 ft., 
the turbojet endurance at maximum continuous thrust 
is a good half-hour. To compare with the rocket and 
ram-jet a 10,000 Ib. power plant would show an average 
duration of some 135 min., or 2!/,4 hours. 

The propeller and internal-combustion engine is by 
far the best power plant for long endurance at maximum 
continuous power but at a considerable sacrifice in 
speed. Extrapolating an average curve to a 10,000-Ib. 
power plant results in an endurance of about 12 hours. 
Note that the ram-jet and turbojet show an increased . 
economy at altitude as does the propeller, but the latter 
is the only one to show an improvement in high speed 
at altitude. 


(10) Power Plant Plus Fuel Volume (Fig. 6) 


In addition to power-plant weight ‘its size is also a 
critical factor in the design of the aircraft. Fig. 6 shows 
the volume of power plant plus fuel corresponding to 
the weights shown in Fig. 5. Power-plant volumes are 
the volumes occupied by the units if wrapped with 
cloth. In other words, power plants having an odd 
shape will result in still more space unusable for other 
airplane components. Power-plant volumes in cubic 
feet are estimated as follows, representing the mini- 
mum space not available for other airplane compo- 
nents: 
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Propeller Turbojet Ram-Jet Rocket 

Engine, blower and gear. box 33 95 235 9 
Air ducting 14 25 0 0 
Turbine and pumps 0 0 5 5 
Oil and coolant systems 13 0 0 0 

Total 60 ft 120 ft.* 240 ft.3 14 ft.8 
Equivalent frontal diameter 38 in 52 in 50 in 18in 
Frontal area 5.5 ft.* 14.8 ft.2 13.6 £t.2 1.8 ft.? 





In comparing the engine volumes, the power plants 
in order of preference are the rocket, propeller, turbo- 
jet, and ram-jet. Fortunately, although the last-named 
has a considerable volume, its weight and installation 
considerations are such that it is practical to convert 
the aft fuselage, which always is relatively vacant be- 
cause of balance considerations, into the power plant 
proper. Tending to offset this effect is the fact that the 
large mass airflows consumed dictate large duct inlet 
scoops. The simplicity of mechanisms alleviates instal- 
lation problems considerably. 

Next in bulky space requirements is the turbojet, 
nearly one-quarter of the volume of which is compressor 
entrance air supply ducting in an average installation. 
This feature requires a relatively large nacelle or, be- 
cause of the weight and diameter, dictates the fuselage 
size and arrangement in a single-engined airplane. 

Although the internal-combustion engine is small, 
the space requirements are nearly doubled by carbu- 
retor, oil cooler, and Prestone radiator air scoops and 
ducting. Fortunately, the main component parts, the 
engine, oil coolers, and Prestone coolers, may be dis- 
posed about the airplane structure to best advantage. 

The rocket motor is by far the smallest and simplest 
from the design standpoint. Air intake ducts are always 
a problem, and at high flight speeds considerable re- 
search is necessary before satisfactory solutions will be- 
come available. In the case of the rocket, no air is 
taken aboard for the power plant, thus eliminating this 
problem. Note that the total rocket motor volume 
equals only the air ducting required for the reciprocat- 
ing engine and that the power plant consists of two 
simple components that may be located at the design- 
er’s discretion. 

In the frontal area comparison both air-stream 
engines will dictate the fuselage maximum cross sec- 
tion; the conventional engine and cooling system will 
definitely have an influence upon this design feature, 
but the rocket eliminates this problem. 

Referring to Fig. 6, the additional volume required 
by the fuel is indicated by the slope of the curves. Here 
again, the rocket is critically limited in duration. Fol- 
lowing in increasing order of preference are the ram-jet, 
turbojet, and propeller. Fuels are gasoline at 6 Ibs. 
per gal. for the propeller, kerosene at 6.7 Ibs. per gal. 
for both air-stream engines, and equivalent densities of 
the combined fuel and oxidizer for the rocket of from 
8.4 to 11.2 lbs. per gal. depending upon the fuels 


chosen. 
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(11) Engine Air Requirements (Fig. 7 


In designing air intake ducts the relative problems 
are indicated by the engine air requirements shown in 
the figure for maximum thrust conditions, which would 
represent take-off, climb, and high-speed operation. 

Since the ram-jet curves approximate a straight line 
through the origin, the scoop entrance velocity will be 
a relatively constant percentage of airplane speed. 
Volume of airflow is extremely large, indicating difficult 
problems to be solved. 

The turbojet evidences only a slight increase in air 
consumption with air speed, indicating that the opti- 
mum entrance duct efficiency for a fixed entry will de- 
pend upon the conditions selected in the design. Again, 
large airflows must be handled. In the case of both air- 
stream engines the ram drag due to taking this air 
aboard has been subtracted from gross jet thrust to 
arrive at the maximum thrust available as shown in 
Fag. 1. 

Cooling air requirements forthe propeller type repre- 
sent about 80 per cent of the total shown. Constant 
air volume requirements dictate scoop design for partic- 
ular conditions, generally for maximum speed. 

In the case of ‘the rocket no air is required. 


PART B—AIRPLANE DESIGNS 


Since the characteristics of the four power plants 
are extremely diversified, it is difficult to determine 
which type is most suitable for a given application until 
each is translated into an airplane design study and the 
respective performances are evaluated. As the majority 
of the power plants potentially represent premium 
performance aircraft at a sacrifice in pay load, it ts 
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Fic. 8. Turbojet airplane: Gross 
weight, 12,000; wing area, 240; take-off 
W/S, 50; landing W/5S, 35; wing section, 
65-113; aspect ratio, 7; wing incidence, 
1.5°; fuel load—gal., 500; fuel load— 

Ibs., 3,350. 















































reasonable to use a fighter or interceptor-type airplane 
as a basis for comparison. This represents the type of 
military application where performance is decidedly at 
a premium and economy and practicability are sacri- 
ficed as a matter of self-preservation. Arbitrarily, for 
expediency in the comparison, these aircraft will be 
considered as single-place, single-engined aircraft hav- 
ing conventional wing and tail arrangements, conven- 
tional pilot accommodations, and internal fuel only. 

Figs. 8-11 show the general arrangements and phys- 
ical characteristics of the airplanes and Table 1 lists 
the weight breakdowns. Less armament is carried by 
the two airplanes whose range and duration of combat 
are obviously restricted. Unit wing weight depends 
greatly upon thickness, and structure in general is af- 
fected by the operational speed ranges, which affect the 
design air loads. Landing-gear weight is primarily in- 
fluenced by the gross weight at landing condition. 

A practical limit to the internal fuel capacity appears 
to be about 200 gal. of high-octane gasoline in self-seal- 
ing fuel tanks for this size of propeller-driven fighter. 
Laminar flow wings of 15 per cent thickness are em- 
ployed. A nominal wing loading of the order of 35 to 40 
lbs. per sq.ft. represents a present-day compromise be- 
tween performance on the one hand, and maneuver- 
ability and serviceability with respect to tactical air- 
field considerations on the other. Armament load is 
1,100 Ibs. 

Because of the disadvantageous fuel consumption 
characteristics of the turbojet and also the considerably 
increased high-speed regime of operation, this type of 
airplane is forced to higher wing loadings, in this case 


TABLE 1 


Component Weights 


Propeller Turbojet Ram-Jet Rocket 
Wing 1,230 1,550 1,100 1,100 
Tail ~ 3 200 260 260 
Fuselage 660 1,100 700 970 
Landing gear 600 680 400 450 
Power plant 
Motor 1,660 1,850 550 400 
Accessories 1,150 130 50 
Controls 40 20 10 10 
Fuel system 600 840 1,050 550 
Turbine and pumps 0 0 140 210 
Fixed equipment 
Armament 1,100 1,100 700 700 
Controls 140 230 200 200 
All other 460 700 290 200 
Weight empty, lbs. 7,800 8,400 5,400 5,100 
Pilot 200 200 200 200 
Fuel oil and coolant 1,500 3,400 4,400 8,200 
12,900 10,000 13,500 


Gross weight, Ibs. 9,500 


of 50 Ibs. per sq.ft., resulting in a greater difference be- 
tween take-off and landing wing loadings. Wing th ck- 
ness of 13 per cent compromises internal fuel capacity 
with low drag characteristics. In this case, also, leak- 
proof fuel tanks for kerosene are a necessity. Fuel here 
represents about 31 per cent of the take-off gross weight 
compared to 16 per cent in the case of the propeller, 
resulting in landing wing loadings of 35 and 33 ft. Ibs. 
per sq.ft., respectively. The same 1,100-Ib. provision is 
allowed for armament. 
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Fic. 9. Propeller airplane: Gross weight, 
9,500; wing area, 250; take-off WS, 38; 
landing W/S, 33; wing section, 15; 
aspect ratio, 6; wing incidence, 1 uel 
load—gal., 200; fuel load—lbs., 1,200 


65-2 
Ee 
































Fic. 10. Rocket airplane: Gross weight, 
13,500; wing area, 130; take-off W’/S, 104° 
landing W/S, 40; wing section, 65-110; 
aspect ratio, 6; wing incidence, 2.0°; fuel 
load—gal., 985; fuel load—lbs., 8,200. 
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In the design of the ram-jet airplane, the combustion 
chamber cross-sectional area dictates the fuselage size. 
Because of high fuel consumption 44 per cent of the 
launching gross weight represents fuel carried in both 


the fuselage and wing. Kerosene is assumed as fuel 
carried in self-sealing tanks. Since the flight duration 
and range are limited, this airplane is adaptable only to 
defensive strategy, and, if self-sealing tanks are elimi- 
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Fic. 11. Ram-jet airplane: Gross weight, 
10,000; wing area, 130; launching W/S, 
77; landing W/S, 42; wing section, 65 

110; aspect ratio, 6; wing incidence, 1.0°; 
fuel load—gal., 655; fuel load—tlbs., 4,400. 









































nated, a consequent improvement will be afforded by 
the addition of some 10 per cent in fuel. Some com- 
promise wing loadings must be chosen. In this case 77 
lbs. per sq.ft. for take-off represents a relatively low 
wing loading for this type of airplane but is assumed to 
allow for auxiliary means of take-off and flight up to 
350 m.p.h., at which point the ram-jet power plant is 
started for the first time, take-off obviously not being 
possible with the ram-jet alone. The resultant landing 
wing loading of 42 lbs. per sq.ft. is quite reason- 
able. 

High performance dictates reduction in wing thick- 
ness to 10 per cent. 

As is obvious from the phenomenal fuel consumption, 
the rocket-motor-powered airplane must carry an ab- 
normal amount of fuel, in this case 8,200 Ibs., or 61 per 
cent of the take-off gross weight. Wing loading is dic- 
tated primarily by the landing condition and has been 
held at 40 Ibs. per sq.ft., resulting in 104 Ibs. per sq.ft. 
for take-off, which seems entirely feasible. Since super- 
performance is obvious, aerodynamic considerations 
dictate the entire arrangement. A practicable wing 
thickness of 10 per cent for the wing and 8 per cent for 
the tail are chosen. As in the case of the ram-jet, 700 
lbs. of armament are installed. Tanks are not self- 
sealing owing to the nature of the fuels, the extremely 
short duration, and the exceptional performance. All 
fuel is carried in the fuselage. 


ParRT C—-PERFORMANCE COMPARISONS 


1) Calculation of Airplane Drag 

Drag estimates for all four airplanes are based upon 
an identical analysis wherein the wetted areas of the 
component parts are assigned drag coefficients depend- 
ing upon fineness ratios, Reynolds Numbers, and Mach 
Numbers. In this manner, the drag coefficients of the 
component parts are obtained and adjusted for lift co- 
efficient or angle of attack. The cleanliness factors, C, 
= the parasite drag coefficient based upon total wetted 
area at C, = 0 and RN = 8 X 10°, and the parasite 
drag coefficients, based upon wing area, are given in the 
following table: 


W.A. Cy 3 Cp 
Propeller 931 0.0038 250 0.014 
Turbojet 881 0.0034 240 0.013 
Ram-jet 672 0.0035 130 0.019 
0.0034 130 0.017 





Rocket 645 


Both the turbojet and the rocket exhibit extremely 
good aerodynamic cleanliness, being about an 11 per 
cent improvement over the propeller airplane. Drag 
coefficients based on wing area are shown in which high 
wing loadings, because of the relatively large fuselages, 
result in high parasite drag coefficients. The airplane 
drag coefficient for the propeller should be increased to 
0.015 to allow for cooling drag at high speeds. 
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Of the utmost importance is the effect of compres- 
sibility on drag above the critical speed, which depends 
upon body shape and altitude. Ballistic data have been 
useless to the airplane designer because of the complete 
neglect of aerodynamic characteristics as such, the 
blunt projectile trailing edge shapes, and generally the 
extremely high Mach Number regimes of projectile 
flight. 

Reference 2 provides the basis for the compressibility 
drag multiplication factor used for wings. This factor 
is multiplied directly times the airplane drag calculated 
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on the above basis neglecting shock wave effects. These 
factors, assumed to vary directly as wing thickness as 
shown in Fig. 12, are 15.6, 12.0, and 9.6 for 13, 10, and 
8 per cent thick laminar flow airfoils at WZ = 1.0. In 
the case of a fuselage, representing a more compact 
three-dimensional body, a corresponding value of 6.0 
has been assumed. 

Finally, the total airplane drag vs. true air speed is 
depicted in Figs. 13a-13c. These curves, together with 
those in Part A of this paper, provide the necessary 
data for the performance evaluations given below. 

The drag curves shown are for the highest airplane 
weights obtaining after climbing ‘to the respective alti- 
tudes. Gross weight variation has been taken into ac- 
count wherein performance is affected. 


(2) Maximum Speeds and Best Climbing Speeds (Fig. 14 


Maximum speed of the propeller airplane is 480 
m.p.h. at 25,000 ft., indicating that the practical high 
speed limit for this type of propulsion will not greatly 


exceed 500 m.p.h. At all altitudes up to 40,000 ft. a 
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Fics. 13a (left), 13b (center), and 13c (right). 
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speed greater than 400 m.p.h. is attainable, although 
400 m.p.h. at sea level seems slow for ground strafing 
work. Best climbing air speed is relatively low, being 
50 to 55 per cent of maximum level flight speed between 
sea level and critical altitude, respectively. 

Next in high speed comes the turbojet, which excels 
the propeller at all altitudes, being 37 per cent faster at 
sea level and 8 per cent at 25,000 ft., the top speed of 
550 m.p.h. representing a decided advantage. Maxi- 
mum speed for this airplane occurs at sea level only be- 
cause of the influence of Mach Number on drag. Other- 
wise, a considerable increase in speed with altitude up 
to 20,000 to 30,000 ft. would befound. Although at alti- 
tudes between 25,000 and 40,000 ft. the speeds are not 
greatly in excess of those for the propeller, this margin 
will improve with further development of turbojet 


engines. 


A Mach Number = 1.0 line is shown in the figure, 
representing the magic barrier to speed performance, 
being the condition of maximum airplane drag coeffi- 
cient. In order to achieve sonic velocity, the thrust 
required at sea level would be 1,000 per cent of that for 
the speed actually attained or 650 per cent in the case 
of a 30,000 ft. altitude. Sonic velocities with this type 
of airplane, therefore, appear impossible at the present 
time. 

Regarding speed for best climb, which occurs at 65 
per cent of maximum speed at sea level and 75 per cent 
at 20,000 ft., a considerable tactical advantage over the 
propeller airplane is realized. A greater distance cov- 
ered during climb, since rates of climb for both are com- 
parable, also offers a considerable advantage in being 
able to protect a given target from a base relatively far 
distant. An appreciable performance margin also ob- 
tains above 40,000 ft. because of the higher ceiling of 
the turbojet airplane. 

Turning to the ram-jet airplane, it is astonishing to 
note that its speed for best climb considerably exceeds 
the turbojet’s maximum speeds at all altitudes up to 
33,000 ft., but that its ceiling is quite low. Maximum 
speed, 650 m.p.h., occurs at sea level, and the Mach 
Number limitation on speed is obvious in the figure. 
Climbing speeds are about 90 per cent of the maximum 
speeds. 

Although the ram-jet engine is hypothetical, and is 
undoubtedly optimistic, it is interesting to note that 
270 per cent of the actual thrust at 650 m.p.h. at sea 
level is required to reach a Mach Number of 1.0. Be- 
cause of the fact that thrust increases greatly with 
speed, this represents an engine of 190 per cent greater 
power. Because of the impracticability of such high 
air speeds at high air densities, sonic speeds may be re- 
garded with considerable pessimism in this case also. 
Nevertheless, from the standpoint of maximum speed 
alone, the ram-jet excels the turbojet by as good a mar- 
gin as the latter excels over the propeller. 

The rocket airplane excels in speeds at all altitudes 
by a wide margin. At sea level the ram-jet is capable 





Fic. 15, 


of competing for high speed, and at altitudes up to 
30,000 ft. it also is similar in speed for best climb. Since 
the rocket thrust remains constant, the rocket airplane 
is capable of increasing its Mach Number with increase 
in altitude until it reaches sonic velocity at about 
24,000 ft. Thereafter maximum air speed increases 
rapidly with altitude, the maximum limitation being 
imposed purely by the available fuel. 

Speed for best climb is of interest, showing a best 
climbing speed at approximately constant Mach Num- 
ber up to the tropopause. Beyond this altitude the 
lower drag resulting from lower air densities enables 
the best climbing speed to increase until at about 
57,000 ft. Mach Number 1.0 is reached. Beyond this 
altitude, of course, performance is dictated entirely by 
the available fuel consideration. 


(3) Rates of Climb and Ceilings (Fig. 15) 


Maximum rates of climb for both the propeller and 
turbojet airplanes are similar. The latter, however, 
climbs at a much higher air speed, giving it a consider- 
able advantage in combat in that it therefore can deter- 
mine the conditions of engagement in combat or ter- 
minate it at will. The absolute ceiling of 47,000 ft., com- 
pared with 41,500 ft., also adds to this advantage. 
Climb and speed calculations for the propeller airplane 
are practically independent of the small fuel consump- 
tion, while in the case of the other three airplanes gross 
weight has necessarily been reduced according to the 
rate of fuel consumption. It should be noted that the 
larger fuel load in per cent of gross weight for the turbo- 
jet will result in appreciable improvement in climb 
performance during tactical operation. 

Again, the excellence of low-altitude performance is 
noted for the ram-jet airplane. Since its thrust falls 
off with air density, its ceiling is found to be low. The 
extremely high climbing speeds should be taken into 
consideration in tactical operations. 

The rocket airplane shows amazing rates of climb at 
all altitudes, varying from 28,500 ft. per min. at sea 
level to 66,500 ft. per min. at 60,000 ft., where it runs 
out of fuel. This airplane will coast to about 75,000 ft. 
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Rate of climb reduces considerably at 35,000 ft., be- 
cause of the reduced speed for best climb, resulting in 
less thrust horsepower available at constant thrust. 
As climbing speeds approach and exceed M = 1.0, 
these powers become extremely large. For instance, 
57,000 ft. and 660 m.p.h. in climb represents 16,000 
thrust horsepower. Climb performance has been inte- 
grated and weight variation accounted for, including 
that required for linear acceleration along the flight 
path. 

Time to climb and absolute ceiling may be compared 
in the following table, where the rocket ceiling is given 
as that altitude at which fuel is exhausted. 





Time to Climb to: (Min.) 


rs Absolute 

20,000 Ft 30,000 Ft 40,000 Ft Ceiling 
Propeller 4.9 9.0 19.0 43,000 
Turbojet 4.7 8.3 14.3 47,000 
Ram_jet 1.6 3.3 as 37,000 
Rocket 0.6 0.9 1.1 60,000 + 


(4) Range (Figs. 16 and 17) 


In determining range and climb performance the 
amount of fuel consumed in climb is important, except 
in the case of the propeller. The following table com- 
pares the fuel consumptions in climb. 


Turbojet-—. —-Ram-Jet——~. -——-Rocket— 





Sea Level ——Propeller— 





to Lbs. % Lbs. % Lbs /, Lbs. W/, 
10,000 135 11.2 220 6.7 860 19.5 2,950 36.0 
20,000 185 15.2 350 10.4 1,200 27.2 3,700 45.3 
30,000 240 19.7 480 14.4 1,600 36.0 4,360 53.1 
40,000 290 24.1 620 18.7 my a, 5,190 63.2 
59,000 : 5,950 72.5 
60,000 ‘% 7,650 92.1 
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As seen from the table, the gross weight change for 
the propeller is small and for practical purposes may be 
neglected. Fuel expenditure for the ram-jet is not com- 
parable with the others in that take-off and acceler- 
ation to 350 m.p.h. is accomplished by auxiliary means, 
for which no allowance has been made. Both the ram- 
jet and rocket are extremely uneconomical. The rocket 
necessarily suffers in climbing to higher altitudes where 
it becomes most efficient, while the ram-jet is essentially 
a low-altitude airplane. Although the turbojet burns 
more fuel in climb than the propeller, a greater percen- 
tage of fuel remains after the climb, owing merely to the 
fact that fuel is a much larger percentage of the gross 
weight. 

Referring to Fig. 16, thte range versus air speed at sea 
level and at 20,000 ft. is shown, which does not include 


the distance traveled in climb. Although the propeller , 


has greatly superior maximum range, it obtains at an 
extremely low air speed, (200 m.p.h.), and a limited 
range of speeds. At 20,000 ft. and the same air speed, 
(350 m.p.h.), the propeller and turbojet are equal in 
range. 

Maximum range for the turbojet, although consid- 
erably less than for the propeller, occurs at 150 m.p.h. 
faster air speed, or a 45 per cent reduction in time for 
equivalent range. Speed for best range increases with 
altitude in both cases. An outstanding characteristic 
of the turbojet is its relative insensitivity to air speed 
insofar as range is concerned, the only power plant vari- 
able being engine r.p.m. In the case of the propeller, 
as previously mentioned, a number of variables must be 
carefully controlled within close limits to attain opti- 
mum range. 
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AIRPLANE 


The ram-jet suffers still greater in range, but maxi- 
mum range occurs at extremely high air speeds, above 
500 m.p.h. In this case only, speed for economical 
operation decreases with altitude. 

Range characteristics for the rocket indicate a wide 
speed range, 350 to 500 m.p.h., with an exceedingly 
limited range, about 100 miles. 

Fig. 17 shows the variation in maximum range with 
altitude, including the distance traveled during climb. 
The relative maximum ranges and the altitudes at 
which they occur, up to 40,000 ft., are compared: 











Range 
Actual Relative Altitude 
Propeller 1,220 9.4 Sea level 
Turbojet 1,080 8.3 40,000 
Ram-jet 420 3.2 30,000 
30,000 


Rocket 130 1.0 


Whereas the propeller has the greatest range, it oc- 
curs at sea level. At altitudes above 35,000 ft., range 
for the turbojet is superior. Both air stream engines 
and the rocket show maximum range increases with 
altitude of from 18 per cent to 250 per cent, contrary to 
the propeller. 


CONCLUSIONS 
(1) Propeller Airplane 


(a) A practical maximum speed limitation not much 
in excess of 500 m.p.h. is apparent. Maximum speeds 
obtain in the 20,000 to 30,000-ft. range. 

(b) Because of superior range, the propeller type of 
propulsion cannot be supplanted at the present time. 
Maximum range is relatively insensitive to altitude up 
to engine critical altitude. 

(c) Greater pay loads possible in addition to range 
make commercial application and long-range bombers 
most attractive. 

(d) Cruising and climbing speeds are slow. 

(e) Operation above 40,000 ft. appears impractical 
except possibly in the case of power plants incorpo- 
rating the gas turbine. 

(f) Maximum rate of climb occurs at sea level. 

(g) Further improvements, adaptations, and varia- 
tions will be widely developed in terms of compound and 
gas-turbine engines and various combinations of them. 


(2) Turbojet Airplane 


(a) High maximum speeds where relatively short 
range is required make this airplane mandatory for mil- 
itary application. Maximum speed occurs at sea level. 

(b) Again, for short-range premium operation in com- 
mercial fields this power plant is attractive. Range im- 
proves markedly with altitude, and economical cruising 
speeds are relatively high. 

(c) Relatively high operating altitudes, at least up 
to 50,000 ft., are feasible. At high altitudes respectable 
range is obtained. 
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(d) Maximum speed of the order of 550 to 600 m.p.h. 
and above at sea level is ideally suited for air-to-ground 
military operation. 

(e) Maximum rate of climb occurs at sea level. 

(f) Speeds for maximum rate of climb are reasonably 
high. 


(3) Ram-Jet Airplane 


(a) Maximum speed, of the order of 650 m.p.h., oc 
curs at sea level. 

(b) Climbing speeds are exceptionally high, being 
within 5 to 10 per cent of maximum level-flight speeds. 

(c) Range is extremely limited, representing some 
50 per cent of that for the turbojet, and also increases 
considerably with altitude. 

(d) Maximum rate-of-climb at sea level is excep- 
tionally high, but falls off rapidly with increase in alti- 
tude, resulting in a rather low ceiling, below 40,000 ft. 

(e) Auxiliary take-off means are required. 

(f) Performance characteristics indicate that the 
ideal application would be in the field of low-altitude, 
flat trajectory missiles against such tragets as battle- 
ships and aircraft carriers in particular. Air launching 
would probably be more practical than surface launch- 


ing. 


(4) Rocket Airplane 


(a) This is the only man-carrying airplane capable of 
flight at supersonic speeds, which distinguishes this 
type of propulsion from the others considered. 

(b) Range is extremely limited and increases slightly 
with altitude. 

(c) As in the case of maximum speed, so also does 
rate-of-climb increase phenomenally with altitude. 

(d) Ceiling, speed, and climb performance are lim- 
ited only by the amount of fuel it is possible to carry. 

(e) Performance characteristics indicate ideal appli- 
cation to missiles following a trajectory. Peak alti- 
tudes greatly exceeding the capability of any other man- 
made mechanisms are possible. Missile ranges can be 
vastly extended. 

(f) Highly specialized applications in terms of re- 
search airplanes and interceptors are evident. A re- 
search airplane could be used to conduct tests in level 
flight for application to high-speed and diving problems 
encountered on other types of airplanes. Target-seek- 
ing interceptor missiles powered by rocket motors should 
be most effective. 
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Numerical Transformation Procedures for 
Shear-Flow Calculation 
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ABSTRACT 


Several methods of calculation of shear flows in multicellular 
members are explained and illustrated. These numerical meth- 
ods may be used in place of the usual process of solving a system 
of linear algebraic equations. The processes will have a special 
appeal to those structural engineers who are familiar with mo- 
ment distribution because of the similarity in the method of 
performing the computations. A transformation procedure may 
be learned and applied by a designer without any knowledge of 
the equations that govern the solution. The physical signi- 
ficance of the numerical constants involved in the shear-flow 
problem are emphasized in order to assist the reader in remember- 
ing the processes. A mathematical proof of the validity of the 
procedures is given in the Appendix. 


NOMENCLATURE 


= cell area 

= transformation factor 

= shearing modulus of elasticity 
= torsion constant 

length of wall segment 

= shear flow 

= wall thickness 

= torque 

= L/t (aspect ratio) 

= shearing stress 
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INTRODUCTION 


—_ SHEARING STRESSES in a multicellular beam 
subjected to pure torsion are generally computed 
by solving a system of linear algebraic equations which 
are equal in number to the number of cells. The nu- 
merical transformation process, which is herein illus- 
trated, provides the designer with a convenient tool, 
which is easily remembered, for determining the shear- 
ing stresses without setting up the equations or even 
realizing that a system of equations is being solved. 
The possibility of employing such a numerical proc- 
ess has been previously noted and illustrated by 
Baron.’ The object of this paper is to simplify the 
method of writing the computations and to note the 
simple physical significance that can be attached to the 
various quantities that enter into the calculation. 


SINGLE-CELL FORMULAS 


Formulas that are applicable to a single cell serve as 
the basis of the transformation procedure and should 
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be memorized, just as formulas for fixed-end moments 
and stiffness values for a single span are memorized 
and used as a basis in the moment distribution process 
of analysis of continuous beams. 

A single cell is shown in Fig. 1 with the associated 
stress surface that is a graphical representation of St. 
Venant’s stress function. The shearing stress, 7, for 
each segment is equal to the slope of the stress surface 


over that segment. Thus, 


7=Q@/t (1) 


where ¢ is the thickness of the segment and is assumed 
to be constant over the length of the segment. The 
quantity g, which is equal to the product fr, is generally 
called the shear flow in cellular members. 

From St. Venant’s solution of a prismatic member in 
torsion, with sections free to warp, it is known that the 
stresses on a cross section produce a resultant torque 
that is equal in magnitude to twice the volume beneath 
the stress surface.* Hence, the torque, 7, at a given 
cross section is related to the shear flow by the for- 
mula 


T = 2Aq (2) 


where A is the cell area (inclosed by the centerlines of 
the wall segments). 

A relationship between the shear flow and the rate 
of twist may also be derived. Before writing this 
formula it is convenient to introduce the ratio r = L/t 
for a particular wall segment of the cell. This quantity 
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Fic. 1. Single-cell stress surface. 
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SHEAR-FLOW 


is conveniently remembered as the aspect ratio of a 
straight segment. The sum of the aspect ratios of all 
of the wall segments of a cell may be indicated as =r. 
The formula for g is given by 


g = 2AG6/Er (3) 


This formula is developed in various textbooks* by 
considering a unit slice of a beam and employing the 
principle of conservation of energy. 

The analyses to be described are carried out for a 
unit rate of twist defined to be such that G@ = 1. In 
this case the above formula becomes 


g = 2A/=r (4) 


when G@ = 1. 
MULTICELLULAR MEMBER 


When a member in torsion consists of several thin- 
walled cells, the stress surface forms several steps, or 
plateaus, corresponding to the number of cells as shown 
in Fig. 2. The stress-analysis problem consists of deter- 
mining the shear flows, or stress surface ordinates, qu, 
gz, and q;, for a three-cell member. As in the case of a 
single cell, the applied torque is equal to twice the 
volume beneath the stress surface. Thus, from Fig. 2, 


T = 2(Aigi + Aoge + Asqs) (5a) 


= 22Aq (5b) 


A system of linear equations governing the shear 
flows may be established (see Appendix). The system 
may be solved and the resulting shear flows substituted 
into Eq. (5) to obtain the applied torque for G@ = 1. 
The shear flows due to any other torque may then be 
obtained by direct proportion. In the process of solu- 
tion to be illustrated, the shear flows are obtained from 
a numerical transformation calculation. This calcula- 
tion replaces the process of setting up and solving a 
system of linear equations. 

The torsion constant, J, of a section of a beam is de- 
fined by expressing the relationship between torque and 
rate of twist. 


T = GJo “ae 


From this definition it is seen that in the case of a 




















Fic. 2. Multicell stress surface. 
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unit rate of twist (G@ = 1) the total torque applied to 
the section will be equal in magnitude to the torsion 
constant. Consequently, the torsion constant for a 
multicellular beam may be conveniently obtained by 
computing ‘the torque from Eq. (5) for shear flows 
associated with a unit rate of twist. 

Two physical properties of the cross section of a 
member enter into the determination of the shear flows. 
The first property is the aspect ratio, r, for the various 
wall segments. The second property is the area, A, of 
each cell. The shear flows are calculated for a torque 
that produces a unit rate of twist (G@ = 1). An initial 
estimate of the shear flow in each cell is first calculated 
by assuming each cell to be isolated and acted upon by 
a torque producing a unit rate of twist. This initial 
estimate may be indicated by g’ and is calculated as 
for a single cell. 


q’ = 2A/=r (7) 


The numerical procedure transforms the initial esti- 
mates, q’, into the final values, g. 

In order to carry out the transformation procedure, 
it is necessary to determine the transformation factors. 
Two such factors are associated with each internal wall 
segment or web. A transformation factor is defined 
as the ratio of the 7 value of a segment to the sum of the 
r values of an adjacent cell. The factors are computed 
only for internal segments. Since there are two cells 
adjacent to each internal segment, two factors may be 
computed for each internal segment. The transforma- 
tion factors for the first internal web between cell No. 1 
and cell No. 2 may be expressed as 


dx, = 1o/Zar (8) 


dy = rp/Xir, 


where 2,r and Zr are the sums of the 7 values for the 
first and second cells, respectively. 

An example of numerical transformation is shown in 
Fig. 3 for a member of four cells. The area of each cell 
is shown enclosed by a rectangle. An r value is shown 
adjacent to each segment. The numerical values of the 
length and thickness of each segment are not shown. 
Immediately below the diagram the values of =r for 
each cell are shown. On the next line the transforma- 
tion factors are shown. Before the calculation is be- 
gun, the transformation factors must be transposed as 
indicated by the arrows. 

Below the center of each cell a vertical line is drawn, 
and the initial estimate of shear flow is written on either 
side of the line. Each initial estimate is multiplied by 
the transformation factors just above it, and the re- 
sulting values are carried over to the adjacent cells. 
This calculation resembles the carry-over step of a 
moment distribution solution of a continuous beam. 
The quantities that are carried over to adjacent cells 
are corrections to be added to the initial estimates. 
The total correction for an internal cell consists of two 
numbers, one of which may be written on either side 
of the vertical line. The two corrections are added 
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mentally and multiplied by the transformation factors 
in the second step of the calculations. The transforma- 
tion procedure is repeated until the corrections become 
negligible. The final value of the shear flow for a given 
cell is obtained by adding all of the corrections on both 
sides of the vertical line to the initial estimate. 
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In the example of Fig. 3 the initial estimate of shear 
flow in the first cell is 23.6 lbs. per in. and the final 
value is 33.5 Ibs. per in. The torque carried by each 
cell may be determined by calculating the quantity 
2Aq for the cell in agreement with Eq. (5). The sum 
of such quantities gives the total torque acting on the 
section and also the numerical value of the torsion con- 
stant. The shear flow in an internal web may be calcu- 
lated as the difference between the shear flows of the 
adjacent cells. Thus the shear flow in the first web of 
the section of Fig. 3 is 10.3 Ibs. per in. 

The computations of Fig. 3 show that a torque of 
40,150 in.Ibs. would produce a shear flow of 33.5 Ibs. 
per in. in the first cell. The shear flow produced by any 
other torque may be obtained by direct proportion. It 
should be noted that the transformation factors are de- 
pendent only upon relative r values and do not require 
a knowledge of the true numerical values. Thus the 
shear flows developed by a given torque may be calcu- 
lated when only relative r values are known. This fact 
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should find practical usefulness in the preliminary stage 
of design when the cell areas are known but when the 
skin, or wall, thicknesses have not yet been determined, 
The r values of Fig. 3 may be regarded as relative 
values obtained by dividing the true values by a con- 
stant k. In such a case the torsion constant as com- 
puted would have to be divided by & to obtain the true 
value. Thus it is seen that a determination of the 
torsion constant requires a knowledge of the true r 
values. 

A second method of computation, which may be de- 
veloped from a slightly different physical point of view, 
is illustrated in Fig. 4. Instead of transforming shear 
flows, the cell areas are transformed. The area A, is 
transformed into A;. The transformed area of each cell 
is used in the formula for shear flow for a single cell to 
obtain the true shear flow. Thus the value of A, is 
substituted into Eq. (4) to obtain g:. The transforma- 
tion factors are computed in the same manner as before, 
but they are not transposed. The transformation pro- 
cedure is carried out in the same manner as before. 
The transformed areas will always be larger than the 
true areas. When the transformed areas have been 
computed, the shear flows may be determined as shown 
in Fig. 4. From these the total torque, or torsion con- 
stant, may be computed to be as shown. The slight 
difference in J from Figs. 3 and 4 is due to using a slide 
rule. The process of area transformation by successive 
corrections may be shown to correspond closely to the 
relaxation process developed by Southwell’ for solving 
a system of linear equations. 


ITERATION 


Another method of calculation may be employed 
which involves the principle of iteration. This process 
is illustrated in Fig. 5. The transformation factors 
and initial estimates are determined as in Fig. 3. One 
cycle of computations is performed to give a pair of 
correction values for each cell. These corrections are 
added to the initial estimates to obtain a new set of 


estimates. The new estimates will be closer to the final 
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SHEAR-FLOW 


yalues than the initial estimates. Additional cycles are 
yerformed to obtain a series of shear-flow values which 
gntinues to improve and approach a limit. The cor- 
rections that are computed in each cycle must be added 
to the 2nitial estimates in order to obtain the improved 
shear-flow value. The successive estimates are written 
on the left side of the vertical lines in Fig. 5, while the 
wrrections for each cycle are written on the right side 
of the lines. A horizontal line is drawn to indicate the 
empletion of each cycle. The transformation of 
yeas may also be performed by iteration but will not 
ie illustrated. 

The process of successive corrections is somewhat 
aster than iteration and easier to learn and remember. 
The compensating features of the process of iteration 
ye that it is slightly more accurate and that it is self- 
wrrecting. An error that is made in the calculations 
will be gradually eliminated. A solution that is ob- 
tained by successive corrections must be checked in 
ome manner, since it may contain an error. This sug- 
gsts the use of a combined procedure. The solution 
may be first obtained by successive corrections and 
then checked by performing a single cycle of iteration. 
The process of successive corrections, carried out to 
jide-rule accuracy, will usually contain an error of one 
or two in the third significant figure, and this small error 
will be eliminated by a cycle of iteration. 

The possibility of writing the computations in the 
wnvenient form that has been illustrated arises be- 
ause the linear system of equations which governs 
the shear flows has a continuant matrix. The conver- 
nce of the process is dependent upon the fact that the 
transformation factors are, by definition, less than unity. 
The more important question is whether or not the 
process converges at a practicable rate so that it can 
wompete with a straightforward solution of the equa- 
tions. If all of the segments have the same 7 value, 
the transformation factors for an interior web are equal 
00.25. It may be shown that factors of this magnitude 
movide the same rate of convergence as occurs in 
noment distribution, which is known from experience 
9 converge at a practicable rate. A particular con- 
venience of the transformation procedures is noted in 
he fact that all numbers that enter into the calculation 
we positive so that no consideration of signs is required. 


A Two-CELL MEMBER 


The two-cell member occurs frequently as a wing 
tructure and can be given a simplified treatment that 
Sworthy of note. If the true cell areas are increased 
dividing by a factor D to obtain modified areas, the 
inal solution may be obtained from one, and only one, 
yee of computations. The factor D is given by 


D=1 — dydy (9) 


this modification factor corresponds mathematically 
0 the end rotation constant of moment distribution, 
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Fic. 6. Two-cell member. 


which is used to determine a modified stiffness for a 
beam with the opposite end simply supported. The 
factor D may be used either in a shear-flow transforma- 
tion or an area transformation process. A transforma- 
tion of areas is illustrated in Fig. 6. The modified area 
is operated on by only one transformation cycle to ob- 
tain the transformed areas. The shear flows and tor- 
sion constant are computed as usual. In a shear-flow 
transformation the modified areas would be used in 
calculating the initial estimates. 


ADDITIONAL APPLICATIONS 


Two applications of the calculation method should be 
mentioned, although they will not be illustrated. Ina 
case of pure bending, with a shear force acting through 
the shear center, the average value of the rate of twist 
over the section is zero. However, it has been shown by 
Goodier® that the individual cells have rates of twist 
which are linearly distributed and readily calculated. 
In place of the assumption that G@ = 1 for all cells, the 
value of @ for each cell must be computed and used in 
the numerator of Eq. (3) to determine the initial esti- 
mates of shear flow. 

It has been shown by von Karman and Christensen’ 
that, in a case of nonlinear torsion, the secondary 
shearing stresses consist of two parts. The first part is 
statically determinate, while the second part consists 
of cellular shear flows that are governed by a system 
of linear equations. Since this system of equations has 
the same matrix of coefficients as the system that 
governs the primary shear flows, the present method of 
calculation is also applicable to the determination of 
secondary stresses. 


CONCLUSIONS 


Several numerical transformation procedures have 
been illustrated for the calculation of shear flows in 
multicellular members. These procedures include both 
successive correction and iteration methods. It is 
shown that only relative values of the aspect ratios of 
the wall segments need be known to calculate the shear 
flows. The procedure depends upon the values of 
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physical properties of the cross section and basic 


formulas for shear flow in a single cell. The calculation 
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cycles are performed in a manner similar to the carry- 
over step of moment distribution. 


Appendix 


A proof of the validity of the procedures is given most 
conveniently by means of matrix algebra, since com- 
plete mathematical formulas for the procedures involve 
power series of matrices. It will be assumed that the 
reader is familiar with the processes of addition, sub- 
traction, multiplication, and division of matrices, as 
well as the significance of the identity matrix and the 
reciprocal of a matrix. 

Considering a member of three cells, for illustration 
purposes, the equations that govern the shear flows are® 


(Zir)qi — 2Q2 = 2A,G0 (10a) 
—reigi + (Zer)g2 — regs = 2A2G0 (10b) 
— 1322 + (Zsr)qs = 2A3G0 (10c) 


The coefficient 27 is the sum of the aspect ratios of all 
of the wall segments of the first cell and, similarly, for 
the other diagonal coefficients. The quantity ry is the 
aspect ratio of the web between the first and second cells 
and, similarly, for the other nondiagonal coefficients. 
Dividing through the equations by the diagonal coeffi- 
cients and substituting G@ = 1 gives 


Q — deg: = qr’ (11a) 
—dqi + q2 — do3Q3 = qe’ (11b) 
—d3292 + gs = gs’ (11¢c) 


In these equations g’ and d have been introduced as 
defined by Eqs. (7) and (8). 

Eqs. (11) may be written in expanded matrix form 
as follows: 


1 —dy 0 1 qu’ 
—dx 1 — de gj = 2’ (12) 
0 — dge l qs qs’ 


In contracted form this matrix equation may be 
written as 


{Z] — [T]} le] = [9'] (13) 
The matrix [7] of transformation factors has been 


introduced and is seen to be 


0 diz 0 
dy O deg (14) 
0 ds 0 


[7] = 


The reciprocal of the binomial [J] — [T] is given by 
{Z] — (T)}-? = W) + (7) + (TP? + (TP +.... (15) 


The proof of this equation is obtained by multiplying 
both sides by the binomial [J] — [T]. 

Multiplying through Eq. (13) by the reciprocal of 
the binomial coefficient gives the solution in the form: 


(a) = {2) + [7] + (TP + (TP +..... }[g’] (16) 


The terms of this series may be shown to correspond 
to the cycles of a shear-flow transformation process, 
If only the first term of the series is used, the solution 
for [g] will be the initial estimates [g’]. If two terms 
of the series are used, a better solution will be obtained 
as follows: 


[q] = [a’) + [T]lq’] (17) 


The second term on the right-hand side is a column 
vector of corrections to be added to the initial esti- 
mates. This term may be written in expanded form 
for a four-cell member. 


0 dy 0 0 qu’ 

dx 0 doz O ge’ 
T}{q’] = = 
Tle’) =| Odeo du {| 2 

0 0 dgO qa’ 


dy2g2" 
dngi’ + do3qs" 
ds2q2’ + dsaqq" 
4393" 

(18) 


The components of this column vector are seen to 
correspond to the corrections obtained by the first 
cycle of the calculations shown in Fig. 3. In general, 
the multiplication of a column vector of numbers by 
the transformation matrix [7] corresponds to operating 
on that set of numbers with one cycle of the numerical 
transformation procedure. 

If the solution is assumed to be given by three terms 
of the series, it will have the form 


[a] = [a’] + [T]l¢’] + [TP lg’] (19) 


The last term of this solution is seen to be obtained by 
multiplying the previous term by [7]. Consequently, 
the second set of corrections is obtained by operating 
on the first set of corrections with one cycle of the 
transformation procedure. By considering additional 
terms of the series, it is found that each term corre- 
sponds to an additional cycle of the transformation pro- 
cedure. Thus the calculation process is seen to yield 
the solution of the system of equations which governs 
the shear flows. 

The iteration procedure for shear-flow transforma- 
tion may now be explained. Considering Eq. (13), 
the second term on the left side may be transposed to 
give 


[a] = [9’} + (TI fg] (20) 


If any reasonable approximate solution is substituted 
for [g] on the right-hand side and multiplied by [T], 
a set of corrections will be obtained which may be added 
to the initial estimates to obtain a better set of esti- 
mates. Using [g’] as an approximate solution gives 


fa] = {Z] + [T]}} I’) (21) 
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If this approximate solution is substituted into the 
right-hand side of Eq. (20), an improved solution is 
given by 


[q] = (2) + (7) + (T}} 1g’) (22) 


From this result it becomes apparent that the iteration 
process could be repeated indefinitely to obtain a for- 
mula for the solution involving a power series of matrices 
in’ exact agreement with Eq. (16). The individual 
steps of the above-described matrix iteration process 
may be shown to be in exact agreement with the cycles 
of the numerical procedure shown in Fig. 5. This re- 
sults directly from the previously established fact that 
multiplying a column vector of numbers (which in this 
case form an approximate solution) by the matrix [T] 
corresponds fo operating on that set of numbers with 
a cycle of the transformation procedure. 

The validity of the procedures for cell-area trans- 
formation may be proved in a similar manner. If the 
transformed area is known, the shear flow may be 


computed from the formula for a single cell. 
gq: = 2A,/Zir7, (GO = 1) (23) 


If this formula is substituted into Eqs. (10), they take 
the form, 


A — dyA; = A, (24a) 
—dyA; + A, — dA; = Az (24b) 
—dyAs + A; = A; (24c) 


In expanded matrix form these equations become 


1 —dx 0 A, A, . 
ma diz 1 — dso A: aan A; (25) 
0 ~dx 1 A; A; 


In contracted form this matrix equation becomes 


{(Z] — [T]'}{4] = [A] (26) 


The prime on the transformation matrix indicates that 
it is in transposed form, as may be seen from the sub- 
scripts of the transformation factors in Eq. (25). 
Using a power series of matrices as before, the solution 
is given by 


[A] = {] + (7) + (7)? + (T]*+..... }[A] (27) 


If each of the terms of this series is examined in ex- 
panded form, it will be found that they correspond to 
the cycles of the numerical procedure shown in Fig. 4. 
The appearance of the transformation matrix in trans- 
posed form in this solution explains why the trans- 
formation factors did not have to be transposed before 
beginning the calculations in Fig. 4 as was done in Fig. 
3. The validity of the process of area transformation 
by iteration may be proved in exactly the same manner 
as previously given for shear-flow transformation and, 
hence, is omitted, 
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may do so at their own expense. In mailing, drawings may be 

- rolled, but manuscripts should be sent flat. Send by first class 
mail (register, if you wish, for your own protection) to the Edi- 
torial Office, Institute of the Aeronautical Sciences, 2 East 64th 
Street, New York 21, N.Y. All manuscripts will be examined 
by the Editorial Committee and by the Editor. Authors will be 
advised as promptly as possible whether the paper is acceptable 
for publication. 


TitLes: The title of the paper should be brief. The name and 
initials of the author should be written as he prefers, The use 
of the full name of an author is advocated because of the fre- 
quent duplication of initials and surnames which sometimes 
makes it difficult to establish the identity of the author. This is 
particularly important for large annual indexing and abstracting 
services. All titles and degrees or honors are omitted. The name 
of the organization with which the author is associated should be 


placed after his name on a separate line. The date on which the 


paper is received will be inserted by the Editor. 


SUMMARIES OR ABSTRACTS: An abstract to be printed at the 
beginning should accompany each article. It should be ade- 
quate as an index and as a summary. It should contain a state- 
ment of major conclusions reached, since summaries in many 
cases constitute the only source of information used in compiling 
scientific reference indexes. Abstracts printed in other journals, 
especially foreign, in most cases, consist of summaries from 
printed papers. The summary should explain as adequately as 
possible the major conclusions to a nonspecialist in the subject. 
The summary should contain from 100 to 300 words, depending 
on the length of the paper. 


SUBHEADINGS: Subheadings should be inserted by the au- 
thor at frequent intervals. The work of editorial preparation 
will be simplified by the author providing many subheadings. 
Because of the breaking of columns and the insertion of illustra- 
tions, some of the subheadings may have to be omitted. 


SHORTENING OF PApgrRS: Some papers, at the end, fill in only 
a portion of a page. This leaves much wasted blank space as 
succeeding articles are started at the top of a page. Authors 
should indicate by notation on the left-hand side of the page 
what matter may be omitted when “runovers” occur. This 
request is important as the Journal cannot afford in the future, 
as it has in its earlier issues, to have blank half pages or more at 
the end of papers. 


Matter USUALLY DELETED: Acknowledgments of assistance 
in preparation of paper, except by collaborators. Photographs 
or illustrations of little technical interest and not showing ad- 
vances in general practice. Too detailed tabular matter (gen- 
eral results of such tables may be included in the text). Lengthy 
descriptions of materials or processes or of preliminary experi- 
ments or theories that preceded final results; salient features 
only are of interest. 


REFERENCES AND FOOTNOTES: References should appear as 
footnotes only, numbered consecutively, grouped together at the 
end of the manuscript. The arrangement should be as follows: 
(for books)—! Durand, W. F:, Aerodynamic Theory, 1st Ed., 
Vol. 1, p. 23; Julius Springer, Berlin, 1934. (For magazines)— 
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ILLUSTRATIONS: Illustrations should accompany manuscripis 
and each should always be referred to in the text, preferably by 
number. Drawings or graphs should not be larger than 12 x 14 
inches, and must be made with jet black India Ink on whit. 
paper or tracing cloth, the latter being preferred. Do not uy 
typewriter for lettering. The smallest lettering on 8 X 10 inch 
figures should be no less than '/, inch high. Cross-section paper 
(white with black lines) may be used, but should not have mor 
than 4 lines per inch. If finer ruled paper is used, the major 
division lines should be drawn in with black ink, omitting the 
finer divisions. In the case of finely ruled paper, only blue 
lined paper can be accepted. Tracing paper and blueprints ar 
not acceptable. Lettering and all markings must be large enough 
to be readable after reduction. Mail rolled or flat, never fold 
Drawings that cannot be reproduced (including pencil dray. 
ings) will be returned to the author for redrawing, thus delaying 
publication of the paper. Photographs should be distinct and 
show clear black and white contrasts. They must be on glossy 
white paper. Avoid round and oval photographs. 


CAPTIONS AND LEGENDS: Legends or captions must accom- 
pany each drawing or photograph submitted. If written on the 
drawing or photograph, they should be placed below and well out- 
side the part to be reproduced. It is better to place them on 
separate sheets of paper pasted to the back of the drawings or 
photographs. Each table should have a caption such as Table|, 
Table 2, Table 3, etc. Captions should be complete in then- 
selves so as to make the data intelligible to the reader without 
reference to the text. A duplicate list of captions for figures 
should be included as the last page of the manuscript. Use “Fig. 
1” (not Figure 1), Figs. 3 and 4, etc., in both the text and the 
numbering of illustrations. In the text, ‘‘Eq. (1),’’ or “Eqs. (I) 
and (2)” are preferable to ‘‘Equation (1).’”’ In captions and 
legends, except for ‘‘Fig.’’ and ‘‘Eq.,”’ and in table headings, write 
all words in full; do not abbreviate. Avoid placing explanatory 
written matter in the drawings; it should be in the text. 


MATHEMATICAL WoRK: Only the simplest formulas should 
be typewritten; all others should be carefully written in pe 
and ink, the writing to be large enough so that ample room is 
provided to mark mathematical matter for the printer. A con- 
siderable space for marking should be allowed above and below 
all equations. All complicated equations should be repeated on 
separate sheets with plenty of space left for marking. The solidus 
should be used for simple fractions appearing within the text. 
Make all expressions clear to the typesetter. Greek letters used 
in formulas should be clearly designated by name on the margin 
of the manuscript. All symbols should be clearly written and 
carefully checked. The difference between capital and lower- 
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confusion between zero (0) and the letter (0), between the numeral 
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Engineering Society of Detroit—Donatp C. Hunt, GEORGE 


TWENEY 


Greater New York Safety Council—Wi.itam LiITTLEWwooD 


Daniel Guggenheim Medal Board of Award—Cuar es H. Cotvin, 


Ravpu S. Damon, LESTER D. GARDNER 


Inc.—CHARLES 


C. R. Strang 
S. Timoshenko 
H. S. Tsien 
George Tweney 
E. E. Weibel 
J. E. Younger 


Meteorology 


C. F. Brooks 

D. M. Little 

E. J. Minser 
Sverre Petterssen 
F. W. Reichelderfer 
A. F. Spilhaus 

P. V. H. Weems 
H. C. Willett 


Fuels and Oils 


D. P. Barnard 
A. L. Beall 
Luis de Florez 
J. H. Doolittle 
Graham Edgar 
R. T. Goodwin 
S. D. Heron 

A. M. Rothrock 


Instruments 


P. R. Bassett 

W. G. Brombacher 
Charles H. Colvin 
C. S. Draper 
Lucien L. Friez 
Walter McKay 

W. A. Reichel 

C. F. Savage 

A. F. Spilhaus 

S. J. Zand 


I.A.S. REPRESENTATIVES TO OTHER ORGANIZATIONS 


Institute of Radio Engineers—L. M. Hutu 
Manufacturers Aircraft Association—J.T. HARTSON 
National Aeronautic Association—WILLIAM R. ENYART 


National Fire Protection Association—E. E. ALDRIN 
National Research Council Engineering Division—Hucn L 


DRYDEN 


National Safety Council—JEROME LEDERER 
New York Museum of Science and Industry—LEsTER D. GARDNER 


Society of Automotive Engineers—EDWARD P. WARNER 








